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 [EDITORIAL]

An ambitious  
R&I programme for Europe?

Every seven years, the European Union establishes its budget  
for the next seven years. There are few things as important for the 

EPS, as a European learned society, than the budget for the following 
Research and Innovation (R&I) Framework Programme.

F
or a European learned society, such as the EPS, one 
of the most exciting events every seven years is the 
announcement of the EU-budget for the following 

Research and Innovation (R&I) Framework Programme. 
The programme affects dramatically the national R&I 
policies of the Member States, their educational systems, 
their knowledge-based industrial policies and in general, 
their competitiveness.

Many Member States, if not all, wish to see every seven 
years an ambitious European R&I programme to dovetail 
with their national R&I programmes. Experience has shown 
that the EU is the mirror where many Member States see 
themselves and then adapt their national ambitions to the EU 
ones. An ambitious European R&I programme encourages 
Member States to be ambitious with their national R&I 
programmes; conversely, a frugal European R&I programme 
would discourage them in their national R&I ambitions.

It is clear that the health emergency created by the 
COVID-19 pandemic has produced serious economic 
and social effects in the EU, reflected in the budget 
negotiations. However, the crisis has shown beyond any 
doubt the importance of a strong European R&I system. 
While the proposal of the structure of Horizon Europe has 
reached consensus among the scientific community, we 
are critical of the decision of the EU Council to downsize 
its R&I budget for 2021-2027 from the originally proposed 
€94.4 billion to €75.9 billion. This represents a negligible 
increase over Horizon 2020, even after deducting the UK 
contribution and applying the inflation corrections.

Including the €5 billion top up from the Next 
Generation EU recovery fund, the current proposal of the 
EU Council for Horizon Europe is still far from realistic, 
and will not even meet the expectations set by the EU 
for the next seven years. Hopefully, it will maintain the 
current position of the European R&I system in the 
world - the EU invests only 2.06% of its GDP against 
2.13% in China, 2.78% in the United States and 3.2% 
in Japan1. 

This is the moment that the European Parliament and 
the European Commission can still stand in favour of a 
larger budget for Horizon Europe, not only to reach the 
proper objectives of the framework programme, but also 
to reach the objectives expressed in “Pillar 3: Learning the 
lessons from the crisis” from the Next Generation EU’s plan.

Physics, and research in general, addresses fundamental 
questions and provides societies with the necessary tools 
to face the current and the future challenges. Hence, 
representing the European physics community, the EPS 
calls upon the European Parliament to show a greater  
vision for the future of Europe and boost the European 
R&I system with a more ambitious investment and, for 
that, introduce the necessary amendments in the current 
budget proposal to revert this downward spiral of the 
Horizon Europe R&I budget. n

 l Enrique Sánchez-Bautista,  
 Policy Officer at EPS  

and its permanent representative in Brussels

1 https://ec.europa.eu/eurostat/statistics-explained/index.php/R_%26_D_expenditure
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Interview with Hatice Altug
“Working with good people is the key  
to do great science.” 

H
atice Altug, full professor at the École Polytechnique Fédérale de 
Lausanne (EPFL) in Switzerland, was awarded the Summer 2020 
edition of the EPS Emmy Noether Distinction “for her seminal 

contributions to light-matter interaction at the nanoscale, manipulation of 
light on-chip and application of nanophotonics in biology, and her inspiring 
role for the next generation of researchers and women” (quote from jury re-
port). She is the team leader of the Bionanophotonic Systems Laboratory 
in EPFL’s Institute of Bioengineering. 

At her laboratory, work focuses on the development of the next gener-
ation nanodevices for early disease diagnostics, safety and point-of-care 
testing exploiting novel optical phenomena at nanoscale with nanophoton-
ics, nanofabrication and microfluidics. “In particular, we engineer photonic 
metamaterials and metasurfaces by tailoring tiny nanostructures from 
noble metals, semiconductors and two-dimensional quantum materials. 
These artificial photonic systems can confine light below the diffraction 
limit and generate strong electromagnetic fields in nanometric volumes, 
which in turn enables enhanced light-matter interactions for fundamental 
studies and technological device applications.” The expertise of her labora-
tory covers a broad electromagnetic spectral window ranging from visible 
to mid-infrared frequencies. “For instance, mid-infrared spectrum is very 
important for bioanalytical applications because IR absorption spectros-
copy enables chemical specific and label-free detection of biomolecules by 
extracting absorption signals that result from molecular bonds. Despite 
its advantages, IR spectroscopy suffers from low sensitivity because the 
wavelength of Mid-IR light is much longer than the size of nanometric 
biosamples (e.g. proteins). By designing mid-IR metasurfaces, we develop 
ultra-sensitive surface enhanced infrared spectroscopy methods for fin-
gerprint detection and large-area chemical imaging of biosamples as well 
as real-time monitoring of protein conformations in aqueous environ-
ment. In a parallel effort, we build ultra-compact and low-cost microar-
rays that can rapidly detect very low concentrations of disease biomarkers 
and pathogens from patient samples within minutes.  Also, we develop 
powerful optofluidic bioimaging systems that can perform one-of-a-kind 
measurements on live cells down to the single cell level.”



EPN 51/4 05

INTERvIEw IN THE SPOTLIGHTS

EPFL
After receiving her bachelor degree 
in Turkey, Hatice moved to Stanford 
University in California for her doc-
toral study in applied physics. “I really 
enjoyed my time in the US both as a 
graduate student at Stanford University, 
and as a professor at Boston University. 
The training I received and the research 
culture I have experienced in the US 
have been very valuable for my career. 
Right around my tenure time at Boston 
University I received several offers from 
other universities, and EPFL was one of 
them. After visiting Switzerland I got to 
learn more about the Swiss university 
system and I was impressed by the in-
frastructure and available sources that 
it offers. My research is experimental, 
and we heavily rely on state-of-the-art 
cleanroom facilities for nano/micro 
fabrication of optical nanostructures. 
EPFL has outstanding cleanroom and 
shared facilities. It is also a vibrant and 
young school with a multicultural 
environment, so I though it will be a 
step forward in my career and a great 
place to grow up together scientifically. 
Another factor is the high prestige of 
the university so that I could attract tal-
ented PhDs and post-docs to my lab, 
and working with good people is the 
key to do great science. Also, EPFL’s  
location is perfect to set up collabora-
tions with top experts all around the 
world and be always connected to do 
interdisciplinary research.”  

Next career steps 
“In a scientific career you always have 
to anticipate the next important re-
search directions, go after challenging 
problems and push the limits. We have 
been recently working with new opti-
cal nanomaterials and exploring how 
to marry them with smart data sci-
ence tools, biology and chemistry. I am  
excited to exploit them in order to in-
troduce novel sensing mechanisms 
and come up with revolutionary opti-
cal devices. I am also looking forward 
to expanding the application areas of 
our technologies in life sciences and 
getting into the translational research 
so that we come a step closer to the end 

user. Apart from research, I have been 
serving as the director of doctoral pro-
gram in photonics. It is a rewarding task 
as we are working closely with teams 
of graduate students and colleagues 
from different disciplines with a goal 
to improve the quality of research and 
PhD experience for the students and 
the professors. I am also involved in 
the organisation of several networks 
that aim to support career building for 
female professors and young women 
in science.”

How do you cope  
with the restrictions  
of the corona crisis? 
“The lock-down announcements came 
rather suddenly in the middle of March 
2020. Since we have a lot of expensive 
equipment and delicate experimental 
set-ups and samples, I remember that in 
the last days before the closure we were 
rushing to make sure that everything in 
our lab will stay safe during the con-
finement. Being in the quarantine was 
a bit of adjustment in the beginning. 
But, given that one of our research ob-
jectives is to develop low-cost and rapid 
point-of-care diagnostic devices, I can 
say that living through pandemic gave 
a better meaning of the research we do 
in the lab and what impact we could 
have to help save lives. We have been 
having Zoom calls with my lab mem-
bers to brainstorm on device ideas, 
and discuss what we can develop for 
COVID-19. Apart from research I had 
to adapt my lectures to fit into online 
teaching and gave several conference 
talks remotely. Overall it has been dif-
ficult to manage the work from home 
with the family and a small kid at the 
same performance as before. But, when 
I put things in perspective and compare 
with great sacrifices and challenges that 
healthcare providers have been facing 
in the field, it only motivates me to pro-
gress more in our research.”

Inspiring young physicists 
“During my lectures when I am des- 
cribing a physical phenomenon, dis-
covery or technological invention  
I always try to connect with the face(s) 

of the person(s) who made major con-
tributions in that field and give a little 
bit of its history. I think it is important 
to expose the personal side of science 
as it can inspire the students that one 
day some of them could be among 
such influential scientists. As my re-
search is in the field of photonics it is 
also easier for me to include the tech-
nological impact of the scientific work 
in our daily life. For example, in my 
optical biomicroscopy course while I 
am teaching two-photon microscopy I 
mention who Maria Goeppert-Mayer 
is, her seminal contributions in the 
fundamental understanding of two- 
photon effects, and that she was the 
second woman to receive Nobel prize 
in physics. Likewise, in 2018 I was 
very excited to announce that Donna 
Strickland, an optical physicist, became 
the third woman to receive the prize. 
Apart from teaching, I also use outreach 
activities with lively demonstrations to 
encourage even younger generation to 
choose physics, and always try to share 
my passion and motivation.”

Enriching 
“I have lived in different parts of the 
world and got to know many smart 
people from all around the globe with 
diverse background and origin. I think 
this is one of the most fun and enrich-
ing aspects of my job.” n

. Hatice Altug with a team member of the Bionanophotonic 
Systems Laboratory. © Alain Herzog / EPFL 2020
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A Fast Radio Burst  
localised to a nearby spiral galaxy 
Fast Radio Bursts (FRBs) are enigmatic astrophysical transient sources of unknown 
origin. Despite the fact that hundreds of FRBs have been discovered to date, only a 
handful of them have been successfully associated to host galaxies. The localisation 
of a second repeating FRB, inside a star-forming region of a spiral galaxy, has added 
an additional puzzle to the field, and has highlighted that FRBs can be produced in a 
diverse set of host galaxies and local environments. 

(EVN). Discovered by the Canadian 
Hydrogen Intensity Mapping 
Experiment (CHIME) telescope, the 
FRB was localised somewhere be-
tween the Galactic halo and a red-
shift up to ~0.1 [7]. It was therefore 
speculated that this FRB could poten-
tially be Galactic. The data from eight 
telescopes all around the world were 
combined in real time at the Joint 
Institute for VLBI ERIC (JIVE), The 
Netherlands. In parallel we recorded 
high time and frequency resolu-
tion data with the 100-m Effelsberg 
Telescope in Germany. We detected 
four new bursts from FRB 180916.
J0158+65 and determined the ar-
rival time of each burst from these 
Effelsberg data. Then, we combined 
the data from the whole array at those 
times to produce individual images of 
the bursts, reaching milliarcsecond 

a low-metallicity star-forming region 
of a dwarf galaxy [3]. In 2019, three 
so-far non-repeating FRBs were local-
ised [4,5,6]and found to be in different 
environments when compared with 
the repeating FRB 121102 (massive 
galaxies with little-to-no star forma-
tion). This discrepancy raised stronger 
speculations on the existence of in-
trinsic differences between repeating 
and non-repeating FRBs. However, 
to make strong conclusions on their 
possible nature, more precise localisa-
tion, particularly of the new repeating 
FRBs, is mandatory.

Observation  
of FRB 180916.J0158+65
On 19 June 2019, we followed for 
seven hours FRB 180916.J0158+65 
with the European Very Long 
Baseline Interferometry Network 

F
ast Radio Bursts (FRBs), first 
observed in 2007 [1], are flashes 
of light, observed at radio wave-

lengths for only a few milliseconds [2]. 
A small fraction of the hundreds of 
FRBs observed to date exhibited mul-
tiple bursts - the so-called repeating 
FRBs. Thanks to the short timescales 
of the FRB emission, it is possible to 
directly measure the dispersion that 
the light suffers due to interaction with 
the material between the FRB source 
and the observer. This quantity is pro-
portional to the column density of 
electrons between the source and the 
observer. For all discovered FRBs, the 
column densities significantly exceed 
the estimated material from the Milky 
Way in their line of sight, implying that 
they are all located at cosmological 
distances. In 2017, for the first time an 
FRB, 121102, was precisely localised to 

m Optical image 
of the host 
galaxy of FRB 
180916J.0158+65. 
The position of 
the source is 
highlighted by 
the green circle.
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resolution. The position of FRB 
180916.J0158+65 in the sky was then 
determined to a precision of only 2.3 
milliarcseconds [8], as can be seen 
in Fig. 1. Follow-up optical obser-
vations with the Gemini North tele-
scope were conducted between July 
and September 2019 to obtain both 
photometric and spectroscopic im-
ages of the field. Spectra from both 
the core of the host galaxy and at the 
position of the FRB were obtained.

Data analysis
The bursts from FRB 180916.J0158+65 
were found to arise from the apex of a 
prominent V-shaped star-forming re-
gion from one of the arms of a spiral 
galaxy located at a redshift of 0.0337 
± 0.0002. This star-forming region 
is unusually large (~1.5 kpc across) 

and exhibits a star-formation surface  
density of about 10-2 M yr-1 kpc-2 
with a metallicity consistent with the 
solar one. The observed shape sug-
gests that an interaction between ei-
ther multiple star-forming regions or 
with a presumed dwarf satellite com-
panion could have occurred. FRB 
180916.J0158+65 is the closest FRB 
precisely localised to date. It lacks the 
presence of an associated persistent 
radio counterpart. The obtained lim-
its (νLν < 7.6 × 1035 erg s-1) imply that 
such presumed emission must be at 
least 400 times fainter than the one as-
sociated with FRB 121102. While sce-
narios related to massive black holes 
are less likely for this FRB due to its 
environment, models considering a 
young and rapidly rotating magne-
tar could still explain this source by 

invoking an age about 10 times older 
than the one assumed for FRB 121102, 
thus ~300 yr. The fact that FRB 180916.
J0158+65 exhibits, on average, signifi-
cantly fainter bursts than FRB 121102 
further supports this scenario.

Conclusions
The obtained results reveal a wide 
diversity of host and local environ-
ments for repeating FRBs. The cur-
rent distinction between repeating 
and non-repeating FRBs is no longer 
solid. Additionally, it may suggest that a 
large fraction of FRBs must be capable 
of repeating. While the nature of FRB 
180916.J0158+65 and FRBs in gen-
eral remains unclear, this new discov-
ery provides a new context that must 
be taken into account by the models 
aimed to explain FRBs. More impor-
tantly, the proximity of FRB 180916.
J0158+65 will allow a detailed multi-
wavelength follow-up of an FRB for 
the first time. Observations from opti-
cal, X-ray, and gamma-ray wavelengths 
would unveil the possible existence of 
multiwavelength bursts and associated 
persistent counterparts. n

 l Benito Marcote, 
JIVE, The Netherlands

 l Kenzie Nimmo, 
University of Amsterdam and 

ASTRON, The Netherlands
 l Jaseon Hessels, 

University of Amsterdam, 
The Netherlands

References

[1] D. R. Lorimer et al., Science 318,  
777 (2007).

[2] E. Petroff, J. W. T. Hessels, and  
D. R. Lorimer, A&AR 27, 4 (2019).

[3] C. G. Bassa et al., ApJL 843, L8 (2017).

[4] K. W. Bannister et al., Science 365,  
565 (2019).

[5] V. Ravi et al., Nature 572, 352 (2019).

[6] J. X. Prochaska et al., Science 366,  
231 (2019).

[7] CHIME/FRB Collaboration et al.,  
ApJL 885, L24 (2019).

[8] B. Marcote et al., Nature 577, 190 (2020), 
DOI: https://doi.org/10.1038/s41586-
019-1866-z

b FIG. 1: 
Radio images 
of the four 
individual bursts 
detected from 
FRB 180916.
J0158+65 
during the EvN 
observation 
on 19 June 
2019. Here 
mas stands for 
milliarcseconds. 
Each burst 
lasted for 
approximately 
two milliseconds. 
The bottom left 
panel shows 
the continuum 
radio image at 
the position 
of the bursts. 
No persistent 
emission is 
reported above 
the rms noise 
level. The 
bottom right 
panel shows 
the measured 
relative positions 
of the individual 
bursts and their 
1σ uncertainties 
(orange circles), 
and the average 
position for 
the FRB (black 
square).
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The 2020 awards of the EPS Accelerator Group
The EPS Accelerator Group unites people interested in particle accelerators, storage rings 
and similar devices used in scientific research and practical applications. Every three years, 
the Group awards people in the community at different phases of their research career for 
outstanding achievements in the field. On request of EPN, three award winners describe their 
current work thus providing our readers with a flavour of the field modern accelerator physics.

The Rolf Wideroe Prize celebrates the 
career of senior accelerator physicists. 
In 2020, the Prize was awarded to Lucio 
Rossi of CERN, Switzerland “for out-
standing work in the accelerator field. 
He is rewarded for his pioneering role 
in the development of superconducting 
magnet technology for accelerators and 
experiments, its application to complex 
projects in High Energy Physics includ-
ing strongly driving industrial capabil-
ity, and for his tireless effort in promoting 
the field of accelerator science and tech-
nology.” Until recently, during 10 years, 
Lucio Rossi was the project leader for 
the High-Luminosity LHC at CERN. 
In particular, he is one of the drivers of 
the development of superconducting  
magnets for the LHC.

“Particle Accelerators are engines for 
discovery: the discovery of the long-
awaited Higgs boson, in 2012 at the 
CERN’s LHC by the ATLAS and CMS 
experiments, has been the last of a long 
series of fundamental discoveries, in-
deed. The continuous particle beam 

energy increase, necessary for such dis-
coveries, was made possible also thanks 
to new technologies, like superconductiv-
ity. All recent hadron colliders are based 
on powerful superconducting magnets: 
from the Tevatron collider at FNAL in the 
USA, the pioneer, passing through HERA 
in Hamburg, Germany and RHIC in 
Brookhaven, New York, to the enormous 
LHC in Geneva. The last one is based 
on nearly ten thousand superconduct-
ing magnets, and 1200 eight-tesla Nb-Ti 
superconducting dipoles, 15 m long, are 
filling more than 2/3 of the 27 km long 
LHC tunnel. Fields in excess of 11 tesla, 
based on more advanced superconductor 
Nb3Sn, are being developed for the first 
time for the High-Luminosity LHC pro-
ject (HL-LHC), the new LHC configura-
tion that will be commissioned in 2025.

My contribution has accompanied 
the penetration of superconducting 
magnets in accelerators, from the 4-5 T  
range of the Tevatron and HERA to the 

8-9 T field of LHC magnets, for which  
I was responsible from 2001 to the ope- 
ration in 2011. Then my major ende-
avour was the design of the HL-LHC, 
based on the new more powerful technol-
ogy of Nb3Sn to break the 10 tesla barrier. 
But more is on my agenda: participation 
to program for 15-16 T dipole in view of 
the post-LHC collider, 100 km long and 
called FCC – Future Circular Collider – 
and the lead of the European research 
on High Temperature Superconductor 
(HTS) accelerator magnets that can 
promise us to reach the 20 T threshold, 
thus enhancing the physics potential of a 
future collider while reducing considera-
bly (up to 50%) the energy bill associated 
with the collider operation.

Nowadays, superconductivity has be-
come an invaluable asset for medicine: 
MRI, NMR (thousands of large super-
conducting magnets per year!) are part 
of our daily life. Hadron Therapy is using 
superconductivity for accelerators and 
more recently for gantries. The sustain-
able energy industry is very interested 
in power transmission lines of 100 kA 
in MgB2 superconductor developed for 
the HL-LHC).” n

m The LHc collider at cERN.
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The Gersh Budker Prize 2020 was awarded to Hideaki 
Hotchi, J-PARC center of the Japan Atomic Energy Agency 
“for his achievements in the commissioning of the J-PARC Rapid 
Cycling Synchrotron, with sustained 1 MW operation at un-
precedented low levels of beam loss made possible by his ex-
ceptional understanding of complex beam dynamics processes, 
thereby laying the foundations for future high power proton 
synchrotrons worldwide”. He summarises the importance of 
the infrastructure as follows:

“The J-PARC 3-GeV Rapid Cycling Synchrotron (RCS) is 
a world-leading high-power pulsed proton driver, which has 
the design goal of achieving a 1-MW beam power. The most 
important issues in realising such a MW-class high-power 
beam operation are controlling and minimising beam loss 
to maintain machine activations within permissible levels. 
In high-power machines such as the RCS, there exist many 
factors causing beam loss; besides beam loss generally occurs 
through a complex mechanism involving several factors. In 
the RCS, numerical simulation was successfully utilised along 
with experimental approaches to isolate such a beam loss 
mechanism. In order to realise realistic numerical simulation, 
we included all the possible sources of beam loss that we have 
identified so far such as magnetic field errors, space charge, 
foil scattering during injection, beam tuning and adjustment 
errors, etc.. These efforts enable us to simulate a precise mo-
tion of beam particles propagating through the accelerator. In 

particular, it is a remarkable achieve-
ment that experimental beam loss 
was well reproduced within an error 
of several 10% or less. The well- 
established numerical simulation 
played a vital role in finding beam 
loss mechanism and its solution;  
various ideas for beam loss mitigation 
were proposed with the help of the 
numerical simulation, and verified 
by experiments. As a result of such 
continuous efforts iterating experi-
ments and numerical simulations, we 
have recently accomplished a 1-MW 
beam operation with very low frac-
tional beam loss of a few times 10-3. 
The beam loss amount corresponds to <1/10 the typical value 
in the previous high-intensity proton synchrotrons. The suc-
cess of the 1-MW beam operation opened a door to further 
beam power ramp-up beyond 1 MW. We are now promot-
ing further high-intensity beam tests aiming for achieving 
a 1.5-MW beam power, looking ahead to future upgrades 
at J-PARC. We could say that the J-PARC RCS sets a good 
example of beam commissioning, which has been develo- 
ped very efficiently with the strong assist of well-established 
numerical simulations.” n 

The Frank Sacherer 
Prize is the award 
for an individual in 
the early part of his 
or her career, hav-
ing made a recent 
significant, original 
contribution to the ac-
celerator field. In 2020, 
the Prize was awarded to 
Johannes Steinmann, 
ANL, USA “for his signi- 
ficant contribution to 
the development and 
demonstration of ultra- 

fast accelerator instrumentation using 
THz technology, having the potential 
for major impact on the field of electron 
bunch-by-bunch diagnostics.” He presents 
his innovative work below.

“Accelerators are the most important 
building block of x-ray light sources for 

scientific experiments on earth. Around 
the world, dedicated storage rings pro-
vide extremely brilliant light beams to 
many users. Research is constantly striv-
ing to improve the quality of these light 
sources and to allow new types of exper-
iments. A major improvement could be 
much shorter bunch lengths, especially 
shorter than the desired radiation wave-
length. These bunches lead to coherent 
synchrotron radiation and provide a 
power amplification by 8 to 11 orders of 
magnitude, depending on the number 
of involved electrons. The improved fea-
tures of femtosecond-scale bunches are 
already used by x-ray free electron laser 
(FEL). In a storage ring, self-interaction 
between electrons and emitted radiation 
leads to a bunch-lengthening, counter-
acting compression. The resulting, low 
picoseconds bunch length limits the co-
herent emission to the THz range.

To understand and influence the 
instability, special diagnostic tools are 
needed. Since the coherence of a short-
ening bunch starts at low frequencies 
first, THz detectors are viable, non-de-
structive, sensitive and ultra-fast tools 
for bunch signals. During my PhD at 
the Karlsruhe Institute of Technology, 
Germany, I built several novel diagnos-
tic systems for THz radiation to record 
each individual bunch, even at 500 MHz 
repetition rate, and to enable the study of 
the micro-bunching instability providing 
a pathway to its control.

My work benefited from the great 
collaboration within the accelera-
tor community around the world as 
well as the Accelerator Technology 
Platform at KIT, bringing together engi-
neers and physicists. Currently, I am on 
leave to the Advanced Photon Source 
at the Argonne National Lab, USA. n 
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76 % of the Alumni joined YM 
when they were BSc or MSc students, 
and the remaining 24 % started out as 
PhD students. This composition indi-
cates that, at least in its early days, YM 
had been a strong catalyst for younger 
students. This may well be due to the 
fact, that engagement in YM offered a 
range of possibilities, e.g. the organi-
sation of conferences and the creation 
of an international network, which are 
otherwise hardly accessible to such 
young students. As reported in Fig. 1 
the careers paths taken by the alumni 
are very diverse, but a strong fraction 
remained engaged in research at either 
a university or a research institution. 

With the EPS being the umbrella or-
ganisation for many national physical 
societies, YM can play an important role 
in increasing the awareness about local 
physics communities among students 
that have not yet established a connec-
tion to said communities. This is par-
ticularly true for countries in which the 
national societies are weakly represented 
in e.g. digital media or suffer from lack of 
resources. As can seen from Fig. 2 more 
than 73% reported that YM increased 
their engagement in EPS and in their na-
tional physical society, while only 13% 
did not report a positive effect.  

From the survey it also becomes 
apparent that YM played a key role in 
the individual growth of its members, 

to long-term, e.g. acquiring skills and a 
professional network for the student’s 
later professional life. Here we focused 
on the latter. We reached out to YM 
alumni and asked them to evaluate 
the impact of the program on their 
career. The survey was initially con-
ducted for the Italian Physical Society 
[3], and now its results are presented to 
the international community.  

Young Minds,  
a career springboard for young physicists
 l R. Caruso, R. Zeltner, A. Marino

Ten years ago, the Young Minds (YM) program of the European Physical Society 
(EPS) was born to create a network of young physicists throughout Europe,  
and to foster their professional development [1]. What started as an ambitious  
initiative of a small team, has developed into an established program: today  
YM comprises over 60 sections operating in 30 countries. We asked YM alumni  
on the impact of the YM program on their professional career.

T
he 10th anniversary of YM [2] 
marks an important mile-
stone in the development of 

the program and is a good time to 
evaluate its impact on the students 
engaged in it. Naturally, the benefits 
of such engagement can be of very 
different nature and time perspective, 
ranging from short-term, e.g. getting 
in touch with local peers more easily, 

. current 
occupation of 
YM alumini.
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with outreach activities and the 
Leadership Meetings. Being engaged 
in YM ourselves for quite some years 
both answers are not surprising to us. 
First, besides the fact that experiencing 
the keen interest of the broad public 
can be very fulfilling, outreach is a great 
way to improve one’s own communica-
tion skills. While in principle effective 
communication can be broken down 
into textbook knowledge, mastering 
it requires practicing of different as-
pects. First, one’s knowledge must be 
adapted such that it is accessible to the 
audience. Second, depending on the ac-
tivity format, the audience and the goal 
one learns to modulate the approach 
and the language. Obviously, once de-
veloped these skills are extremely valu-
able in other contexts as well, e.g. during 
conferences or, to give an example from 
industry, when trying to convince a 
customer that your technology is su-
perior to that of the competitors. The 
second pivotal activity emerging from 
the survey, the annual meeting, is nat-
urally a great opportunity to network 
and to get in touch with other cultures. 

fostering the acquisition of specific 
skills, such as leadership and network-
ing skills, or the ability to speak in pub-
lic. Strongly aligned with the vision of 
creating a pan-European network, 
40 % of alumni reported that cultural 
exchange has been a fundamental 
experience. This underlines that, be-
sides contributing to the professional  
development of its members, YM sup-
ports the awareness of other cultures 
and the knowledge of what is not one’s 
own immediate neighbour. In the era 
of international connection and inter-
action such mutual understanding is a 
key requirement for working together 
as individuals and societies. This insight 
strongly validates the commitment 
of the EPS and the national physical  
societies, which supported the project 
from the very beginning to set the trails 
for successful European collaborations 
in the future. In this sense, the exposi-
tion to an international environment 
within the framework of YM helps 
to gain experiences at an early career 
stage, which is an advantage when seek-
ing an international career.

When being asked which kind of ac-
tivities they consider most useful and 
interesting, many alumni responded 

m Role of the 
YM program in 
favoring the 
engagement 
within EPS 
and national 
societies. Inset: 
Impact of YM 
on the careers 
of survey 
participants.

We conclude with the most deci-
sive numbers: 77 % of the alumni are 
convinced that YM had a positive im-
pact on their career, and 97 % would 
recommend getting engaged in it. 
These numbers demonstrate that the 
program had a strongly beneficial im-
pact on many early members and will 
certainly benefit many more in the fu-
ture. Moreover, driven and supported 
by digitalisation, YM has grown into an 
established international network, very 
much as envisioned by its founders.  Our 
birthday wish for YM is to keep faithful 
to itself and its spirit of growth and col-
laboration, keeping up with current [4]  
and future challenges. n
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Highlights from European journals

MODELLING

What protects minority languages  
from extinction?

Mathematical modelling of competing languages in a geographical 
area suggests two scenarios in which one or more minority 
languages will be more likely to survive.

Over 6,000 languages are currently spoken worldwide, but a substantial 
minority - well over 5% - are in danger of dying out. It is perhaps surprising  
that this fraction is not higher, as most models have so far predicted that 
a minority language will be doomed to extinction once contacts with 
speakers of the majority language reach a certain level. This work de-
scribes, using mathematical modelling, two mechanisms through which 
this doomsday scenario does not occur, i.e. several languages come to 
coexist in the same area. n

 l J.-M. Luck and A. Mehta, 
‘On the coexistence of competing languages', European Physical 
Journal B 93, 73 (2020), DOI: 10.1140/epjb/e2020-10038-1

PHYSICS OF LIGHT

Mutual extinction of light 

In many branches of the natural sciences Nature 
is interrogated by performing wave scattering 
experiments. An incident wave impinges on a 
sample, and characteristics of the scattered and 
transmitted waves are analysed to find detailed 
information about the target. 

When a single light wave is incident on a complex 
scattering medium, the transmitted intensity differs 
from the incident one due to extinction. We intro-
duce the new concept of mutual extinction, which 
occurs when more than one light wave is incident 
and propose new experiments to observe mutual ex-
tinction and transparency in two-beam experiments 
with either elastic and absorbing scatterers. n

 l A.Lagendijk et al., 
Mutual extinction and transparency of multiple 
incident light waves, EPL 130, 34002 (2020)

m Greetings in some of the world’s 6,000+ languages.  
(cc BY-SA 2.0, by Flickr user quinn.anya).

m calculated total extinction in a setup with two beams incident on a rectangular box 
containing many scatterers, plotted versus the angle between the two beams. 
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NUCLEAR PHYSICS

Advancing AGATA – Future Science with The Advanced 
Gamma Tracking Array
The Advanced Gamma Tracking Array is a multi-national 
European project realising a high-resolution gamma-ray 
spectrometer for nuclear physics. 

As a travelling detector AGATA will be employed at the major 
European research facilities delivering stable and radioactive 
ion beams. It will have a large impact on nuclear structure 
studies at the extremes of isospin, mass, angular momentum, 
excitation energy and temperature. AGATA is capable of meas-
uring γ rays from a few tens of keV to beyond 10 MeV, with high 
angular resolution and high count-rate capabilities. This review 
describes the exciting science program to be performed with 
AGATA enabling us to uncover and understand hitherto hid-
den secrets of the atomic nucleus. n
 l The AGATA Collaboration, W. Korten et al., 

Eur. Phys. J. A 56,137 (2020) 
https://doi.org/10.1140/epja/s10050-020-00132-w

m view into the Advanced Gamma Tracking Array - AGATA for high-resolution 
gamma spectroscopy

m Greetings in some of the world’s 6,000+ languages.  
(cc BY-SA 2.0, by Flickr user quinn.anya). SPACE SCIENCE

SPACE SCIENCE
Space exploration is moving into a new era, with the focus  
of science and research move from one-of achievements  
and firsts, to the establishment of frameworks that will 
encourage sustainability. 

At the same time, the more we learn about space, the more we real-
ise that plans must be put in place to mitigate threats from beyond 
our own atmosphere. In an EPJ-ST Special Topics issue on 'Celestial 
Mechanics in the XXIst Century' in particular studies related to the 
risk of collisions of space vehicles with space debris and strategies 
to avoid a collision of an asteroid with the Earth are presented.

Reducing the risk of space debris collision
A plausible method of clearing space debris could be achieving 
through the use of a tug vehicle that requires a successful con-
nection procedure. n
 l A.D.C. de Jesus, G.L.F. Santos, 

'Reducing the risk of space debris collisions using conditions  
or performance simultaneous operation in minimum time',  
Eur. Phys. J. Spec. Top. 229, 1419 (2020). DOI 10.1140/epjst/e2020-
900194-x

Protecting Earth from asteroid impact  
with a tethered diversion
The use of a tether assisted system could prevent an asteroid im-
pacting Earth without the risk of fragmentation. n
 l F. C. F. Venditti, L. O. Marchi. , A. K. Misra, D. M. Sanchez,  

A. F. B. A. Prado,
'Dynamics of tethered asteroid systems to support planetary 
defence', Eur. Phys. J. Spec. Top. 229, 1463 (2020). DOI 10.1140/
epjst/e2020-900183-y

Spacecrafts get a boost in 'Aerogravity 
Assisted' interactions
New research examines the effect of rotation and other variables 
in the applications of ‘aerogravity assisted’ manoeuvres to obtain 
an energy boost for space crafts. n 
 lJ. O. M. Piñeros, V. M. Gomes, W. A. dos Santos, J. Golebiewska,

'Effects of the rotation of a spacecraft in an atmospheric close 
approach with the Earth', Eur. Phys. J. Spec. Top. 229, 1517 (2020). 
DOI 10.1140/epjst/e2020-900144-9
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 l Beate Heinemann1, Tom Heinzl2 and Andreas Ringwald3 – https://doi.org/10.1051/epn/2020401

 l 1  DESY and Albert-Ludwigs-Universität Freiburg – 2 University of Plymouth, UK – 3  DESY

The vacuum of quantum electrodynamics (QED) can be viewed as a medium akin to 
a dielectric which can be polarised by external fields. If these are sufficiently strong, 
the response of the vacuum becomes nonlinear and involves phenomena such as light-
by-light scattering (‘nonlinear optics’) and, in extremis, ‘dielectric breakdown’, i.e. real 
pair production, if a critical field strength is exceeded. The LUXE experiment aims to 
realise near-critical fields through collisions of photons stemming from an ultra-intense 
optical laser with high energy electrons or photons provided by the European XFEL 
linear accelerator. This set-up provides a golden opportunity to enter the uncharted 
territory of strong-field quantum electrodynamics in the non-perturbative regime.

LUXE:   
COMBINING HIGH ENERGY AND  
INTENSITY TO SPARK THE VACUUM
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γ, respectively. This diagram describes the nonlinear 
interaction of light with light, a subtle quantum effect 
first analysed in [1]. Schwinger calculated its imaginary 
part, which physically amounts to pair production via 
the nonlinear Breit-Wheeler process, γ+nγL  e+ e–,  
see Fig.1(b), and corresponds to the creation of matter 
from light.

The regime of electromagnetic field strengths reach-
ing or even exceeding ES is referred to as strong-field 
QED. It may be realised by approaching highly localised 
charge distributions, for instance at a distance of 30 fm 
from an electron. Alternatively, one may probe bound 
Coulomb systems by colliding heavy ions or by analys-
ing the spectroscopy of heavy atoms, hence studying the 
physics at large atomic number Z [4]. High field strengths 
are also relevant for the early Universe and several astro-
physical phenomena such as the gravitational collapse 
of Black Holes [5], the propagation of cosmic rays [6], 
or the surface of strongly magnetised neutron stars [7], 
and for future linear high energy e+ e–-colliders [8].  
Unfortunately, most suggestions above suffer either from 
nuclear effects (at large Z) or experimental inaccessibil-
ity (astrophysics).    

The LUXE experiment
To overcome these problems, the LUXE collaboration 
proposes [9] to approach the critical field, ES, by exploit-
ing recent advances in high-power laser technology and 
the ‘magic’ of Lorentz invariance. The increase in laser 
intensity due to chirped pulse amplification (Nobel prize 
2018 [10]), allows production of optical-laser fields with 
a lab-measured strength just a few orders of magnitude 
below the Schwinger field. Employing relativistic elec-
trons (Ee >5 GeV) a gamma factor γe >104 is reached, so 
that even at lower laser intensities the electron sees the 
critical field in its rest frame.

The basic experimental ideas are the following: one 
can send the electrons through a tungsten converter 
foil, in order to generate photons (γ) by bremsstrahlung 
and then collide these with the photons (γL) of the laser 
beam, γ + nγL  e+ e–, see Fig. 1 (b). Alternatively, one 
may collide the electrons directly with the laser beam,  
e–+nγL  e–+γ, see Fig. 1 (c). 

A previous experiment (SLAC E144) has employed 
50 GeV electrons and a 1 TW laser to explore what is 
now called two-step trident pair production. This is a suc-
cession of the two nonlinear processes introduced above, 

©
iS

to
ck

Ph
ot

o

The quantum vacuum  
and its breakdown
Faraday, Maxwell and Hertz have told us that the  
vacuum is filled with electromagnetic fields, but it took 
an Einstein to realise that this does not require a lu-
miniferous aether: Fields and their wave excitations do 
not need a medium in which to propagate. Ironically, 
with the advent of quantum field theory, the idea of the 
vacuum as a medium was resurrected. It is the quan-
tum fields themselves, through their virtual fluctuations, 
which lend the vacuum properties akin to a dielectric 
[1]. The basic phenomenon in this context is vacuum 
polarisation: Applying a weak external field (e.g. due 
to an electron), the vacuum dipoles formed by virtual 
electron positron pairs align and screen the electron 
charge. A probe particle ‘diving’ into the polarisation 
cloud surrounding the electron will thus ‘see’ the ele-
mentary charge, e, increasing with probe energy (charge 
renormalisation). As a result, ‘perturbative QED’, based 
on the coupling being small (e2/4π<<1) becomes invalid 
at ultra-high energies. 

Alternatively, one may ask what happens if one ap-
plies stronger and stronger external fields. The first issue 
to address is the notion of a ‘strong’ field in QED. As a 
relativistic quantum field theory, QED contains two fun-
damental constants of nature, Planck’s constant, ℏ, and 
the speed of light, c. Combining these with the QED pa-
rameters, e and m, the electron mass, one can form the 
QED electric field strength, ES = m2c3 ⁄ eℏ = 1.3 ×1018 V/m.  
This enormous field magnitude is typical for elemen-
tary processes in QED. The associated energy balance,  
eES (ℏ ⁄ mc)=mc2, corresponds to an energy transfer of mc2 
(the electron rest energy) over the distance of a Compton 
wavelength, ℏ ⁄ mc. The challenge, though, is to realise 
the QED field strength ES over macroscopic distances, 
say 1µm or larger. Sauter noted in 1931 that even in this 
classical field scenario the anti-particles of the electrons, 
the positrons, become relevant [2]. This was further elab-
orated by Schwinger (1951) who interpreted the appear-
ance of the positrons as an instability of the QED vacuum 
which starts to ‘spark’ with electron positron pairs [3]. 
The vacuum thus becomes ‘conducting’ similarly to an 
insulator suffering dielectric breakdown. 

Pictorially, the situation is described in Fig.1(a) which 
displays a vacuum polarisation loop forming a virtual 
electron positron dipole. This dipole is exposed to the 
superimposed fields of laser and probe photons, γL and 

b FIG. 1: 
Diagrams 
representing  
basic processes of 
strong-field QED.  
(a) Light-by-light 
scattering of laser 
photons (γL) and 
probe photons (γ).   
(b) Nonlinear 
Breit-wheeler pair 
production.  
(c) Nonlinear 
compton scattering. 

b Illustration of 
a collision of two 
photon beams
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study the nonlinear Breit-Wheeler process in isolation 
for the first time. The relevant parameter in this case is  
χγ = ξ×ωL ωB (ℏ ⁄ mc2)2 , ωL and ωB denoting the pho-
ton frequencies. At low ξ and χγ, the rate follows the  
power-law (~ξ2n) based on counting the number of pho-
tons contributing in perturbation theory. In contrast, 
when ξ >>1 and χγ ≈1, a non-perturbative QED calcula-
tion shows that the rate of e+ e– production is propor-
tional to χγ exp(-8/3χγ). Measuring this rate will be a 
direct experimental test of non-perturbative QED.

Experimental setup 
The EuXFEL is designed to run with energies up to 
Ee=17.5 GeV and trains of 2700 electron bunches, each 
typically containing 1.5×109 electrons that pass at a rate 
of 10 Hz. For the beam-laser interaction, one electron 
bunch per bunch train is extracted using a fast kicker 
magnet and guided to the interaction region hosted in 
a currently unused annex of the shaft at the end of the 
linear accelerator. 

The laser envisaged has a power of 40 TW at an initial 
stage and about 400 TW in a later stage. Its light will be 
focused to achieve intensities of about 1020 W/cm2 in-
itially (and 1021 W/cm2 later). An elaborate laser diag-
nostics system will be designed to measure the absolute 
laser intensity to better than 5%. The angle between the 
beam and the laser will be about 20°. 

A schematic layout of the experiment is shown in 
Fig. 2 for the γB+nγL interactions. For this layout, pho-
tons are produced through Bremsstrahlung of the 
beam electrons on a tungsten foil. For e+nγL interac-
tions (Fig. 1(c)), the layout is similar, except that there 
is no converter foil, and the particle detection systems 
are adapted accordingly.

Expected Scientific Results 
Compared to previous, current or planned facilities [12], 
LUXE will achieve higher values of χe for the electron-la-
ser collisions and will be the first to directly study pho-
ton-laser collisions. The calculated rate [13] of e+ e– pairs 
per laser shot for the γB+nγL process is expected to in-
itially rise like a power-law, however, at ξ ~ 2, the rate 
increase slows down. The goal of LUXE is to measure 
these rates to better than 10%.

Conclusions
LUXE will shed new light on the vacuum and reveal new 
insights into our Universe. It presents a unique opportu-
nity to pioneer a novel regime of quantum physics, the 
strong-field regime of QED, employing one of the pre-
mier European research infrastructures, the European 
XFEL. The goals are to observe for the first time directly 
the γγ  e+ e– process, and to perform the first studies of 
the transition from the perturbative to the strong-field 
(non-perturbative) regime. n

using the photons produced in nonlinear Compton scat-
tering by colliding them with the laser photons to pro-
duce pairs, recall Fig.1. The observed production rates 
were proportional to higher-than-linear powers of the 
laser intensity thus clearly detecting nonlinearity. The 
goal of LUXE is to enter far deeper into the strong-field 
region by using the much more powerful lasers availa-
ble today, together with the high energy electrons from 
the European XFEL (EuXFEL) accelerator. This will en-
able probing the transition from the nonlinear to the 
non-perturbative regime, which may be characterised 
by a key parameter, the dimensionless laser amplitude, 
ξ. It is defined as the ratio of the work done by the laser 
field EL when ‘pushing’ an electron across a reduced laser 
wavelength and the electron rest energy. When this is 
of order unity, an electron probing the laser becomes 
relativistic. There is more to this parameter, though: A 
process involving n >1 laser photons (see again Fig. 1) 
contributes with a probability amplitude proportional 
to ξn. When ξ approaches unity, all these n-photon am-
plitudes become equally important, and one has to sum 
over all of them. As higher order effects thus cease to 
be ‘small perturbations’ of lower order ones, the over-
all process becomes non-perturbative. The SLAC E144 
experiment had ξ~0.5, still in the perturbative regime. 
For LUXE we expect ξ >2, which takes us well into the 
uncharted non-perturbative regime. 

The second key parameter is the quantum parameter, 
χe  2γe EL ⁄ ES (1+cosθ), where θ is the angle between 
the laser and particle beams. For LUXE, with γe=3×104 

from the EuXFEL beam, the genuine quantum regime, 
χe >1, is reached for ξ >5. 

LUXE is also in the unique position to test the struc-
ture of the vacuum near the Schwinger limit via light-by-
light scattering. High-energy probe photons, γB, created 
through bremsstrahlung will be brought into collision 
with the ultra-intense laser-beam. This will allow to 

. FIG. 2: 
Sketch of the 

experimental setup 
for the γB–laser 

collisions. A dipole 
magnet and a set 

of detectors (pixel 
tracker, calorimeters) 

for the e± and γ 
detection are shown 

behind the IP.  
A γB–monitoring 
system after the 

tungsten foil is 
also shown. 
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2500 - 6900 cm-1 CW 
optical parametric oscillator –  
Narrow linewidth, fully-automated tuning  
for high resolution molecular spectroscopy

T
he DLC TOPO is the widest tuning, narrowest line-
width CW OPO. Remote control of all tuning actu-
ators enables hands-free operation over 2500 - 6900 

cm-1 without realignment or optics exchanges. The TOPO is 
the only choice for high-resolution molecular spectroscopy 
of stretch vibrations.

MIR spectroscopy has never been easier. The powerful 
TOPO delivers wide tunability, narrow linewidth, and con-
venient hands-free digital control. There are no modules to 
exchange and no adjustments to be made by hand. Ease of 
use and reliable performance make this CW OPO the right 
choice for challenging applications in MIR spectroscopy 
and quantum optics:

 • Molecular Spectroscopy
 • Quantum Optics
 • Materials Testing
 • Biophotonics
 • Physical Chemistry
 • Integrated Photonic Devices

The revolutionary TOPO by TOPTICA stands alone as 
the only fully automated, continuous-wave, singly-resonant 
optical parametric oscillator laser source on the market. 
High resolution spectroscopy across 1.45 - 4.0 µm (2500 - 
6900 cm-1) has never been easier.

TOPTICA’s unique optical design enables broadly tuna-
ble laser light. No module or mirror exchange is necessary. 
Additionally, the all-digital control electronics enable hands-
free coarse tuning, and frequency locking. A wide mode-hop-
free tuning range up to 300 GHz (10 cm-1) enables visibility 
of full spectroscopic signatures. Simultaneously, the TOPO 
maintains a narrow linewidth (2 MHz, 1·10-5 cm-1) giving a 
solution that reveals narrow atomic and molecular features.

TOPTICA's OPO laser system won the Prism Awards 
2019 for scientific lasers at Photonics West!
https://www.toptica.com/topo
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Modern quantum field theory has offered us a very intriguing picture of empty space. 
The vacuum state is no longer an inert, motionless state. We are instead dealing with 
an entity teeming with fluctuations that continuously produce virtual particles popping 
in and out of existence. The dynamical Casimir effect is a paradigmatic phenomenon, 
whereby these particles are converted into real particles (photons) by changing the 
boundary conditions of the field. It was predicted 50 years ago by Gerald T. Moore  
and it took more than 40 years until the first experimental verification..
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with mg-mass objects. We can attach a small mirror to the 
bullet and ... let it shine! Unfortunately, using the equa-
tions above, we get a dismal T = 5 × 10−12 K . The emitted 
power corresponds to a single quanta of frequency 0.5 Hz, 
emitted every minute. Needless to say, this is well below 
any realistic experimental detection sensitivity.

But there is another way. We note that what really mat-
ters is that the electromagnetic modes get squashed by the 
motion of the mirror. This we can achieve, for example if 
the mirror does not physically move, but instead quickly 
changes its index of refraction.

Consider a microwave transmission line terminated 
to ground through a single Superconducting Quantum 
Interference Device (SQUID) or an array of SQUIDs, 
see Fig. 1. The SQUID forms a tunable inductance, and 
by changing the magnetic flux threading it, it can be 
tuned from almost a short to a highly inductive state. 
This will change the standing wave pattern of the elec-
tromagnetic field in front of the mirror, from a voltage 
node at the mirror to an anti-node. This corresponds 
to moving the mirror a fraction of a wavelength, which 
is around a centimeter at microwave frequencies. The 
SQUID can be operated at 10 GHz, giving effective 
accelerations of around 1017 m/s2, yielding a temper-
ature of 12 mK and a power level of about -130 dBm, 
perfectly measurable with cryogenic microwave tech-
niques. Just by this simple observation we get 9 more 
orders of magnitude compared to the coil gun, pushing 
the power and temperature into the experimentally ob-
servable region. Indeed, the existence of this radiation 
has been successfully confirmed by two experiments, 
one using a single SQUID [4] and the other an array 
of SQUIDs [5] in experiments performed at Chalmers 
University, Sweden and Aalto University, Finland.

In the introduction we mentioned that the particles are 
created in pairs together with their antiparticles and that 

T
his year, we celebrate 50 years since the pub-
lication of the seminal paper of Gerald T. 
Moore [1]. This work offered a first glimpse 
into a puzzling quantum-field phenome-

non - predicting what happens as we change the 
boundary conditions of an empty electromagnetic  
cavity, e.g. by moving one of its mirrors. Classically, 
nothing should happen - we act, in some sense, on a non- 
existing object. 

In quantum physics, there is a time-energy uncer-
tainty relation ∆E∆t ≥ ℏ/2 suggesting that if we con-
sider small time-intervals ∆t, we also need to consider 
an uncertainty of the energy of at least ∆E ≥ ℏ/2∆t. 
Thus, even though the vacuum has zero energy, we 
need to take into account the possibility of a particle 
with energy ∆E/2 spontaneously appearing, together 
with its own antiparticle, and then annihilating each 
other again within a time ∆t. There is no way we can  
extract this so-called zero-point energy from the vacuum,  
so how can we verify this very nontrivial description 
of nothing? 

In 1970, Moore told us that if we move a mirror fast 
enough, we can prevent the annihilation and the particles 
are forced into existence. This process is called the dy-
namical Casimir effect (DCE). The energy is taken from 
the motion of the mirror and the particles should typ-
ically be created in pairs. Could this effect be observed 
experimentally? 

Radio signals from the vacuum
To figure this out, we need a quantitative description of 
this phenomenon. One interesting way to derive the result 
starts from a 1D gas of photons in thermal equilibrium 
at temperature T. Physically, this could be a single mode 
optical fiber or a microwave transmission line terminated 
by a black body at temperature T. This temperature de-
termines the power associated with the creation of par-
ticles via the Stefan-Boltzmann law in one dimension, 

P = πk2
B —T2 

12ℏ  
 .

But how can we connect temperature to motion? First, 
we should recall that the vacuum is Lorentz invariant, 
and so we do not expect any photon emission from a 
mirror moving uniformly in free space. However, for an 
accelerating mirror such a connection exists. In the mid-
1970 Paul Davies [2] and Bill Unruh [3] showed that an 
observer moving through vacuum with a constant ac-
celeration a experiences a field at thermal equilibrium 
with the temperature 

T =        ℏ— 
2πkB

 (a–c),
where c is the speed of light. To get a measurable temper-
ature in a laboratory, we would need to accelerate objects. 
Some of the highest accelerations can be obtained in the 
lab by using a coilgun (Gauss rifle), producing a ≈ 109 m/s2  

. FIG. 1:  
(a) An on-chip 
microwave 
transmission line 
(TL), terminated by 
a Superconducting 
Quantum 
Interference 
Device (SQUID), 
implementing a 
tunable inductance 
connecting the 
center conductor 
to the surrounding 
ground plane. 
(b) By modulating 
the magnetic field 
through the SQUID, 
the electromagnetic 
field in the TL sees 
a similar boundary 
condition as from 
a moving mirror. 
Adapted from Ref. [6].
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the motion of the mirror prevents their annihilation. Also, 
we noted that the energy needed to create the particles is 
taken from the motion of the mirror. In both experiments 
mentioned above, the mirror was modulated harmonically 
with a pump frequency fp in the GHz range. The dominant 
process creates a pair of DCE photons, whose energies add 
up to one pump photon. Hence the DCE spectrum should 
be symmetric around the pump frequency [6, 7]. The exact 
shape of the spectrum depends on the density of states in 
the transmission line. In the Aalto experiment [5], there is 
a well-defined resonance resulting from the fact that the 
SQUID array forms a low-Q cavity, and the symmetry of 
the DCE spectrum is clearly visible in Fig. 2.

Further developments 
The pair of photons created by the dynamical Casimir 
effect demonstrate quantum correlations called entan-
glement [8]. Entanglement has been observed in both 
situations - in the cavity case [5] and recently in the 
broadband case [9]. Entanglement is a resource for 
quantum information processing and the dynamical 
Casimir effect can be used to generate this resource [10]. 
The entangled microwave photons could also be used 
as a source for a quantum radar. Photons can be gene-
rated from vacuum by using not only one, but several 
pumps [11], aiming at using multimode correlations 
as a resource [12]. And there is more to it. Vacuum can 
be regarded as the working fluid in quantum engines - 
therefore it can serve as a tool to probe the principles of 
thermodynamics in the quantum regime. Analog gravi-
tational phenomena - such as the emission of Hawking 
radiation - have also been proposed [13].

All these show that vacuum is not inert, but instead 
it bursts with activity [14] that can be harnessed for 
quantum information processing, as well as for foun-
dational experiments in quantum thermodynamics and 
analog gravity. We are willing to bet that next time you 
take a flight and play with those light-dimming win-
dows, you will try to estimate how many photons you 
have created. n

c FIG. 2:  
Spectral power 
of the emitted 

photons recorded at 
various frequencies 

(horizontal axis). 
The vertical white 

line marks the 
position of half of 

the pump frequency. 
Generation of 

photons with an 
array of 250 SQUIDs, 

forming a cavity with 
relatively low quality 

factor of ~100. The 
vertical axis shows 

the cavity resonant 
frequency, which 

can be tuned by 
applying a magnetic 

field. The resulting 
sparrow-tail feature 

is a hallmark of the 
dynamical casimir 

effect for this system. 
Adapted from Ref. [5].



N
evertheless, additional gases can be assisted in 
the growth chamber and this MBE is known 
as reactive MBE and is mainly used for ni-
trides or oxides [3,4]. Reactive oxide MBE 

benefits the advantages of both UHV MBE and highly 
oxidation conditions, while it requires precise gas load 
control and suitable pumping. Due to the essential re-
quirement of preserving the ballistic path of evaporated 

atoms, the upper pressure is limited by ~10-4 mbar This 
background pressure determines the choice of the oxi-
dizing gas, for instance, pure ozone injection, which is 
exceptionally reactive but provides the variety. Similar 
variety and atomic-layer (AL) precise synthesis can be  
obtained also with atomic layer deposition (ALD) 
based on the sequential absorption and desor- 
ption of the precursors from the surface[5]. 

PRECISE CONTROL  
OF ATOMS WITH MBE: 
FROM SEMICONDUCTORS 
TO COMPLEX OXIDES
 l Y. Eren Suyolcu1*, and Gennady Logvenov2* – DOI: https://doi.org/10.1051/epn/2020403

 l 1 Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853, USA

 l 2 Max Planck Institute for Solid State Research, Heisenbergstrasse. 1, 70569 Stuttgart, Germany

 l eren.suyolcu@cornell.edu – g.logvenov@fkf.mpg.de

Molecular Beam Epitaxy (MBE) is a high-vacuum technique with atomic-layer 
control and precision. It is based on the chemical reaction of the atoms, molecules, 
or atomic clusters vaporized from the specific evaporation sources on the substrates. 
The molecular beam defines a unidirectional ballistic flow of atoms and/or molecules 
without any collisions amongst. In the late 1960s, MBE was initially developed for the 
growth of GaAs and (Al, Ga)As systems[1,2] due to the unprecedented capabilities 
and then was applied to study other material systems. MBE growth is conventionally 
performed in vacuum and ultra-high vacuum (UHV) (10-8–10-12 mbar) conditions.
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MBE delivers (i) great versatility and flexibility in 
the target compound selection: An MBE system can 
be equipped with evaporation sources that could be re-
loaded with different elements offering variety in syn-
thesizing new compounds; (ii) reliable growth control: 
MBE systems are equipped with reflection high energy 
diffraction (RHEED) tools using surface-diffracted 
electrons to monitor the surface quality in real-time. 
Together with additional in-situ tools such as low en-
ergy electron diffraction (LEED) or angular resolved 
photoelectron spectroscopy (ARPES) RHEED allows 
the precise deposition control with low deposition rates 
(typically one monolayer/min); (iii) atomic layer by 
atomic layer (AL-by-AL) deposition. The selective AL 
deposition (with one AL at a time) and the precise con-
trol of the concentration of the impurities paves the way 
for designing functional heterostructures to engineer 
novel metastable compounds; (iv) the lowest energy of 
impinging atoms: Different than other physical depo-
sition methods MBE has the lowest energy of imping-
ing atoms (<0.1eV) providing the lowest undesirable 
cation intermixing at the interfaces. These superiorities 
allow versatile heterostructural design with a controlled 

thickness down to a single sheet of atoms resulting in 
abrupt heterointerfaces[6]. These heterostructures are 
the building blocks of different kinds of diodes, transis-
tors, including solar cells as well as microprocessors and 
memory devices. While scaling down the electronics 
has been the roadmap for semiconductor technology 
during last more than 50 years[2], the progress in the 
MBE was stimulated after the discovery of high-tem-
perature superconductivity (HTSC) in 1986 in La-Ba-
Cu-O compound[7], which spiked up the interest to 
complex oxides family. 

Complex oxide materials have ionic crystal struc-
tures containing a transition metal (TM) ion centering 
the unit cell. The layered crystal structure of TM oxide 
compounds are generally represented by Ruddlesden-
Popper (RP) phases with An+1BnO3n+1 formula, where A 
represents alkali, alkaline earth, or rare earth metal, B is 
the TM, and n - integer number. These RP phases con-
sist of two-dimensional perovskite-like slabs (Figure 2a) 
that can be precisely designed by MBE[6]. The AL-by-AL 
method is best suited for the fabrication layered oxides, 
where the precise counting of the constituent atoms is 
realized via shuttering. Shuttering times are individually 
determined according to the flux emanating from each 
elemental source. For instance, in the case of synthesis of 
La2CuO4, which has RP crystal structure with n = 1 (rep-
resented in Figure 2a: A=La and B=Cu) the sequence of 
operation of La and Cu shutters are represented in Figure 
2b. The time between the shutter open and close is com-
puter controlled and the whole process is monitored by 
in-situ RHEED with real-time feedback.

 The adaptable perovskite structure of TM oxides 
offers constructing them in different forms, such as ul-
trathin films or heterostructures[9], but also leads to di-
verse physical properties ranging from HTSC[10–12] 
to thermoelectricity[13]. In other words, engineering of 
epitaxial oxides grants unlimited combinations of mul-
tilayers delivering a fundamental playground for de-
vice fabrication and possible applications. A multilayer, 
e.g. a superlattice, composed of the same material with 
same crystal structure (even with modulation doping) 

c FIG 1:  
(a) Sketch of an 

ozone-assisted MBE 
growth chamber. 

The abbreviations 
stand for TP–turbo-

molecular pump, 
S–oxide crystal 

substrate, RGA–
residual gas analyzer, 

Pc1– computer 
for controlling the 

RHEED system, 
Pc2– computer that 

controls growth itself. 
(b) Photo of dual 

chamber MBE (DcA 
Instruments Oy) in 

Max Planck Institute 
for Solid State 

Research [8]   
(1) load lock,  

(2) storage chamber,  
(3) central 

distribution 
chamber, (4) two 

growth chambers, 
and (5) the ozone 

delivery system.  

c FIG 2:  
(a) Sketch of 

crystal structures 
of Ruddlesden-

Popper (RP) 
An+1BnO3n+1 phases 

with different n 
(n=∞ corresponds 
to cubic perovskite 
crystal structure). 

(b) Sequence of 
the operation of 

La and cu shutters 
during single AL-
by-AL growth of 

La2cuO4 (RP with 
n=1) epitaxial film.
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b FIG 3: Example 
STEM-HAADF 
images showing the 
structural coherency 
between the layers of 
(a) LcO-LSNO-LcO [12],  
(b) LcO-LNO-LGO [13],  
(c) LcO-SMO/LMO-
LcO [16] grown on 
(001) LSAO crystal 
substrates [6]. The 
abbreviations stand 
for LcO – La2cuO4, 
LSNO – La2-xSrxNiO4, 
SMO – SrMnO3 and 
LMO – LaMnO3 [6].

is an example of homo-epitaxial growth, while a multi-
layer built by stacking of materials with different chem-
ical formula and crystal structure, this is an example  
of hetero-epitaxial growth. 

The strong electron correlations at the designed hetero- 
interfaces emerge novel interfacial properties when dif-
ferent materials are attached adjacently. Thus, interface 
engineering is an intriguing yet challenging task and the 
atomically precise design of complex oxide heterostruc-
tures requires atomic-resolution identification of individ-
ual layers and interfaces (Figure 3). The prominent role is 
played by aberration-corrected scanning transition elec-
tron microscopy (STEM) with high-resolution imaging 
and spectroscopy capabilities[14,15]. STEM high-angle 
annular dark field (HAADF) images of three different 
La2CuO4-based heterostructures are presented in Figure 
3a-c[6] displaying the ideally arranged crystal structure 
without any extended defects. 

In conclusion, besides of high-quality semiconductor 
fabrication MBE can also be effectively used for synthesis 
of difficult compounds, e.g. complex oxides with a crystal 
quality analogous to the semiconductor multilayers while 
the interfaces even more abrupt. Complex oxides have 
been widely studied recently and even though it requires 
time to put the new substances to practical use, a substan-
tial progress has been already established. n
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thousands of pumps, valves, pressure gauges, PLC and 
controllers that need continuous monitoring with high-
est standards of reliability. 

The beams as the main cause  
of gas release
Materials in vacuum release gas spontaneously. In particle 
accelerators, the beams stimulate additional desorption 
that can be the dominant gas source. Beam-stimulated 
desorption occurs directly due to beam losses or indirectly 
by emitting synchrotron light and accelerating electrons 
and ions created by residual-gas ionization. Bombardment 
of surfaces by such particles results in gas desorption. In 
the LHC, 7-TeV proton beams emit synchrotron radia-
tion with a critical energy around 40 eV, largely enough 

M
oreover, the interaction of beams with gas 
provokes beam instability and beam-size 
growth leading to a reduced probability of 
collisions in detectors. Finally, vacuum is 

necessary to avoid electrical breakdown in high-volt-
age devices and serves as an excellent commonly used 
thermal insulator in cryogenics. CERN has one of the 
world largest vacuum systems in operation [1]. Along 
127 km of vacuum vessels, the pressure requirements 
cover a large range, from 10-6 mbar in the first stage of 
linear accelerators down to 10-15 mbar in the antimat-
ter experiments. The Large Hadron Collider (LHC) is 
the best example of CERN’s prowess in vacuum tech-
nology [2]. Building its vacuum system required more 
than 250,000 welded joints and 18,000 vacuum seals, 

VACUUM SCIENCE  
AND TECHNOLOGY AT CERN
 l José Miguel Jiménez and Paolo Chiggiato, CERN, Geneva, Switzerland – https://doi.org/10.1051/epn/2020404

Vacuum is essential in particle accelerators. Low gas density allows charged particles 
beams to circulate without excessive losses. Indeed, beam losses are detrimental for 
instrumentation; they increase induced radioactivity, background noise in particle 
detectors, and beam-induced heat loads to cryogenic equipment. 

m view of  
the central beam 

pipe of the LHcb, one 
of the four gigantic 
LHc’s experiments.
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. FIG. 1:  
The beam screen 
prototype for  
the Q2 quadrupole 
magnets of  
the final focusing 
system for  
High-Luminosity  
LHc. 

solution is considered for new low-emittance synchro-
tron radiation sources. Among them, MAX IV (Lund, 
SE) is the archetype [6]. 

Beam screen, heat load  
and carbon thin film
NEG coating can be applied only in bakeable sections of 
accelerators operating at room temperature. In the case 
of the LHC, about 40 km of beam pipes are inserted in 
superconducting magnets operating at 1.9 K with su-
perfluid helium. During operation, gas pumping relies 
only on adsorption on the cold surfaces. The cryogenic 
temperature compromises the ‘surface conditioning’ as 
the desorbed gasses are immediately re-adsorbed on the 
nearby surfaces. The problem is circumvented separat-
ing the surface where photons and electrons strike from 
the one where the most critical gas, i.e. hydrogen, is con-
densed. This is obtained by inserting in the cold bore of 
the magnets, which is at 1.9 K, an additional pipe, called 
beam screen (Fig. 2), kept at a slightly higher tempera-
ture between 10 and 20 K. Gas molecules can reach the 
coldest surface through mm-wide pumping slots where 
they are screened from beam-induce effects. Among sev-
eral other functions, the beam screen has also the role of 
intercepting at higher temperatures than 1.9 K the heat 
load transferred from the beam to the cryogenic system, 
therefore reducing the electric energy consumption of 
the cryogenic system.

 Since 2014, the LHC cryogenic plants have experi-
enced an unexpected high thermal load in the beam-screen 
circuits. The excessive heat is not uniformly distributed 
along the ring; only four octants are affected. Today, there 
is enough evidence that the issue is due to secondary elec-
trons accelerated by the proton beams and multiplied by 
the beam-screen surfaces, the so-called electron cloud 
phenomenon. CERN has developed a solution that has 
a mitigation effect on electron multipacting [7]. Since 

to extract photoelectrons and induce desorption. All these 
phenomena contribute to the degradation of the static vac-
uum, generating the so-called dynamic vacuum. For cost 
reasons, accelerator vacuum systems are never designed 
to cope with full beam performance on day one but rely 
on performance ramping-up scenarios. The impingement 
of photons, electrons and ions cleans the surface and pro-
vokes surface modifications that cause the reduction of 
desorption yields. As an example, a dose of 10-2 C.mm-2 
of 300-eV electrons reduces the desorption yield of H2 by 
roughly one orders of magnitude. Accelerators affected 
by stimulated desorption are initially run at progressively 
increasing beam current so that the dose of impinging 
particles increases without unduly rising beam losses. In 
the jargon, we call this process ‘scrubbing run’ leading to 
‘surface conditioning’. Typical surface transformations are 
reduction of hydroxides and graphitization of hydrocar-
bon contamination [3]. Such transformations have also 
a beneficial effect on the secondary electron yield of the 
exposed surfaces and, consequently, mitigate electron  
multipacting phenomena!

Distributed pumping
Spontaneous and beam-induced gas release are distrib-
uted along the ring of the accelerators, while vacuum 
pumps are installed in precise positions and act locally. 
The difference in the distribution of gas source and 
pumping action generates parabolic pressure profiles 
with a maximum in between two consecutive pumps. 
The pressure bump is amplified when the beam-pipe 
conductance is small, i.e. for small diameters and long 
length. Such an issue has been removed with the devel-
opment of distributed pumping. An innovative solution 
based on non-evaporable getter (NEG) film coatings was 
developed in the late nineties at CERN [4]. The vacuum 
chamber is coated with a µm-thick Ti-Zr-V thin film. The 
film is activated in the accelerator by heating the chamber 
to temperatures of at least 180° for 24 h. The activation 
process dissolves the native oxide layer into the bulk of 
the film. When back at room temperature, the surface is 
very clean and pumps most of the residual gas species. 
Activated NEG coatings provide also lower stimulated 
desorption and secondary electron yields, therefore sig-
nificantly reducing the conditioning time and electron 
multipacting. About 1400 vacuum chambers, around 6 
km of beam pipes, were NEG coated for the LHC and are 
since 2008 operating with beams [5]. Those located in the 
centre of the four gigantic LHC’s experiments, made of 
beryllium, are the most demanding in terms of vacuum 
performance and mechanical properties. The implemen-
tation of NEG thin-film coatings has allowed innova-
tive design for the new generation of synchrotron light 
sources. Thanks to such materials, it is possible to pump 
inside long vacuum chambers having a few-mm diameter. 
Conductance limitation is no longer a showstopper! This 
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Undoubtedly, and through decades, the use of vacuum 
in large-scale scientific instruments has generated an im-
pressive progress in Vacuum Science and Technology. The 
recently approved European Strategy for Particle Physics 
opens the path for new developments to respond to the 
needs of high energy and nuclear particle physics, and 
potential technology spin-off that may serve astrophysics 
and gravitational wave experiments. n
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José Miguel Jiménez and Paolo 
Chiggiato are CERN’s Technology de-
partment head and Vacuum Surfaces 
and Coating group leader, respectively.  
They have an extensive experience in 
vacuum technology with focus on ac-
celerators’ operation and surface mod-
ifications. They gave an important 
contribution to the understanding of 
surface related phenomena in parti-
cle accelerators, e.g. beam-induced dy-
namic effects such as electron cloud 

and chemical pumping. Both contributed to the design, 
installation, commissioning and operation of the Large 
Hadron Collider (LHC) vacuum systems, and are actively 
involved in technology transfer programmes and inter-
national collaborations. 

References

[1] J. M. Jiménez, Vacuum 84, 2 (2009). 

[2] P. Chiggiato, "CERN’s prowess in nothingness," CERN COURIER, 
1 June 2018. https://cerncourier.com/a/cerns-prowess-in-
nothingness/ 

[3] R. Cimino, M. Commisso, D. R. Grosso, T. Demma, V. Baglin,  
R. Flammini and R. Larciprete, Phys. Rev. Lett. 109, 064801 (2012). 

[4] C. Benvenuti, P. Chiggiato, P. Costa Pinto, A. Escudeiro Santana, 
T. Hedley, A. Mongelluzzo, V. Ruzinov and I. Wevers, Vacuum 
60 1-2, 57 (2001). 

[5] P. Chiggiato and P. Costa Pinto, Thin Solid Films 515, 382 (2006). 

[6] CERN Bulletin, 25 June 2016, "Vacuum chambers full of ideas 
for the Swedish synchrotron" https://home.cern/news/news/
engineering/vacuum-chambers-full-ideas-swedish-synchrotron 

[7] CERN Bulletin, 29 February 2016, “A new type of coating 
to chase the clouds away”, https://cds.cern.ch/journal/
CERNBulletin/2016/09/News%20Articles/2133913?ln=en

[8] CERN Bulletin, 1 October 2019, "LS2 Report: Dissipating the 
electron clouds", https://home.cern/news/news/accelerators/
ls2-report-dissipating-electron-clouds

[9] R. Valizadeh, O. B. Malyshev, S. Wang, S. A. Zolotocskaya,  
W. A. Gillespie and A. Abdolvand, Appl. Phys. Lett. 105,  
231605 (2014). 

[10] CERN Bulletin, 11 April 2016, “Shape memory” material 
provides a solution for the HL-LHC", http://cds.cern.ch/journal/
CERNBulletin/2016/16/News%20Articles/2144535?ln=en 

[11] A. Obertelli, "Experiment Proposal for PUMA: antiprotons and 
radioactive nuclei", 2019, http://cds.cern.ch/record/2691045/
files/SPSC-P-361.pdf

2008, sputtered graphitic-like amorphous carbon coat-
ings have been studied and recently retrofitted in the ac-
celerator beam pipes [8]. Fifty nanometres of this material 
are enough to decrease the maximum secondary electron 
emission yield below one and, consequently, cancel the 
electron multipacting. A similar reduction of the second-
ary electron emission can be achieved increasing the sur-
face roughness by laser. Emitted secondary electrons are 
intercepted by the corrugated surface preventing them 
from being accelerated by the proton beams. This process 
was proposed by two British institutes [9] and it is under 
development for implementation in accelerators at CERN. 

Future challenges
The present trend shows that surface modification and 
monitoring are key challenges for improving vacuum 
systems of high energy and intensity particle accelera-
tors. In the future, four additional breakthroughs need 
to be addressed.

Cost containment. With the increasing size large sci-
entific instruments such as the gravitational waves de-
tectors or future colliders, there is strong demand for 
cost-optimised solutions that challenge present materials, 
surface treatments, pumps and operation procedures. 

Miniaturisation, primarily for electron accelerators. 
The search for ultimate emittance (i.e. smaller transverse 
beam sizes) requires magnets with very small apertures, 
putting the beam-pipe walls as close as technically pos-
sible to the beams. Development of vacuum technology 
at the mm-size diameter requires inventiveness for al-
ternative manufacturing processes, pumping and pres-
sure measurement.

To cope with high energy and intensity beams. Both 
high energy and high intensity may become a show-
stopper in accelerators like the High-Luminosity LHC, 
which will run in 2027, and the Future Circular Collider 
(FCC-hh), which is at the study level. The higher induced 
radioactivity, in particular nearby the experimental areas, 
would require that vacuum systems become compati-
ble with robotic interventions. Preliminary works have 
been launched to design systems that can be installed, 
dismounted, and leak tested remotely. Innovative joints 
based on shape memory alloys [10] have been recently 
developed for a complete remote handling of junctions 
between vacuum chambers.  

Finally, the quest for “absolute” vacuum. Experi-
mental physics requires unprecedented low residual gas 
densities to address new types of experiments. Recently, 
the request for gas density of the order of one H2 molecule 
per cm3 has been formulated by the PUMA experiment, 
which aims to interact radioactive ions with stored an-
tiprotons [11]. Gas density simulations, choice of mate-
rials, mechanical vibrations, transport constraints, and 
pressure measurement must be analysed in detail and all 
together to validate the feasibility of such experiments. 
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LORÁND EÖTVÖS
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The last decades of the 19th century Hungary came to flourish as an independent part 
of the Austrian-Hungarian Monarchy; 1867 was a crucial year, a year of ‘Ausgleich’, 
‘Compromise’. József Eötvös, Hungary’s leading intellectual and Cabinet Minister, 
reorganized science. He sent his son to Heidelberg, where junior learned physics from  
i.a. Bunsen, Helmholtz and Kirchhoff. What more could a youngster wish for? Roland Eötvös 
returned home with a predilection for fundamental matters, most of all for the nature of 
gravity and its relation to inertia. Geophysics, Hungary’s pride, finally took centre stage.

Politics, science, fundamental science
In order to be prepared for an eventual political ca-
reer, like that of his father, Loránd Eötvös studied law 
at Budapest’s University (1865-1867), before definitely 
switching to physics, mathematics and chemistry. On 
7 July 1870, he passed the PhD under supervision of 
Gustav Kirchhoff in Heidelberg without a formal dis-
sertation. In 1872 he was nominated Professor of Physics 
at the University of Budapest, the university which, since 
1950, carries his name.

In the mid 1880s an interest in gravitation became ap-
parent, in all probability initiated by the first results of 
the triangulation campaign of the territory of Austria-
Hungary (1860-1913) with the European degree meas-
urement in the background. Gravitation—or gravity, if 
you please—had been part of the physicist’s subconscious-
ness since Newton, and every now and then it resurfaced, 
mostly in the context of a debate on conservation laws. 

Instruments and their accuracy
Eötvös started by considering the instruments that would 
allow for an exact measurement of the gravitational con-
stant (his γ, our g), or perhaps better: its 3D-variation. 
Among his new instruments featured the torsion balance 
of 1891. It consisted of two equal weights of about 30 g 
fixed at the ends of a horizontal beam of 25 cm, the beam 
being attached in the middle to a platinum wire carrying 
the whole. That wire also carried a small mirror such that 
the reflection of a ray of light, produced e.g. by a storm 
lantern, could be observed from a distance. It was affected 
by heavy masses like lead balls, so it worked indeed. With 
a brass sphere at the one end, the material at the other 
end could be varied (glass, cork, an empty glass sphere, 
....). When the beam was put orthogonal to the local me-
ridian, its behaviour was observed, first, when the brass 

m FIG. 1: Loránd Eötvös by Gyula Éder (oil on canvas; 89×73 cm; 1941), after a photograph 
made by Aladár Székely (1913). courtesy: Eötvös University, Budapest.
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interesting terrains using the data obtained for Potsdam 
and Budapest as gaugepoints. With pendulums borrowed 
from Potsdam, the local value of the gravitational con-
stant, γ, could be measured and, subsequently, its spatial 
variation with the torsion balance. Imagine, then, such a 
torsion balance, equipped with equal brass spheres, above 
the surface of a perfectly horizontal, homogeneous un-
derground, or above a homogeneous sphere of infinite 
radius: nothing will happen, since the common equipo-
tential surface is (almost) perfectly flat. However, as soon 
as there are deviations, e.g. in case of an earth-like sphere 
featuring a mountain ridge, a torsion balance put on top 
of the ridge starts turning: the beam with its counter-
weights experiences a torque tending to turn it in line 
with the ridge, the torsion effect dictating the outcome. 

This may be checked in advance. By turning subse-
quently the balance as a whole in the direction of the 
ridge the deflection angle tends to vanish. On moving 
the torsion balance along the ridge the deflection remains 
nill, γ being virtually constant; on moving the balance 
sidewards, however, down along the slope, the beam will 
remain in place though γ will change. Hence the possi-
bility of charting a landscape in terms of lines of equal 
γ, isogammic lines in Eötvös’ terminology: from each ob-
servation point, then, a gradient can be constructed, a 
kind of vector indicating the intensity of the γ-variation 
and its direction. Importantly, the same effect will show 
up in case of invisible mountain ridges on the bottom of 
a deep lake—think of Lake Balaton—or on mainland,  
e.g. under the pastures of the Great Hungarian Plain, 
roughly the South-Eastern part of the country. However, 
when the subsurface is of a less outspoken relief, no reg-
ularities show up. In such cases the sensitivity of the 
balance could be increased by exchanging one of the 
counterweights by a platinum thread carrying a similar 
counter-weight: the new version was called a ‘horizontal 
variometer’, later known as the one and only ‘Eötvös torsion 
balance’ (Fig.3). With respect to the earth the two weights 
now occupy different equipotential surfaces, so that any 
difference in the form of those surfaces will bring about a 
torque on the beam causing it to turn. Given the possibil-
ity to charter the subsurface in terms of density variations, 
that is: by systematically scanning the area, the interest 
of Eötvös’ ideas for geology and mineralogy was obvious. 
Indeed, within a decade geophysics—the term was intro-
duced by Julius Fröbel (1834)—became booming science.

Gravitation and inertia
In 1896 Eötvös summarized his research on gravita-
tion and earth magnetism in a widely read paper in the 
Annalen der Physik [2]. In due course he became keynote 
speaker at various trendsetting conferences. So it hap-
pened also that in 1906 a prize-contest was launched by 
the University of Göttingen, inviting the community to 
address Eötvös’ work. The question asked was: the medium 

sphere pointed to the East and, next, when it pointed to 
the West. Since the effect on both weights is the result of 
the centrifugal force combined with gravity, both expe-
rience a net force to the South (Fig.2). Any difference in 
gravitational mass, then, brings about a difference in that 
net force, producing a torque on the beam and hence a 
torsion. And it worked correspondingly, the answer being:  
“No, there is no difference.” 

Chartering the earth; 
geophysics on the move
The state of the art in geophysics was defined by data 
from Friedrich Bessel (Kaliningrad; 1841) and Friedrich 
Helmert (Aachen; 1884). Bessel had calculated the di-
mensions of an idealized earth as an ellipsoid with half 
axes of 635.607.895 cm and 637.739.716 cm, Helmert 
contributed a formula for the interdependence of the 
gravitational constant, γ, and latitude, φ:

γ = 978,00 (1+0,00531sin2 φ) cm ∙ sec-2,

in Eötvös’ notation. He, then, sent one of his assistants, 
Charles Oltay, to the Geodetic Institute in Potsdam, near 
Berlin, to familiarise himself with the two relevant meas-
urements, that of γ with the pendulum and that of φ by 
measuring the height of Polaris. The idea was to charter 

c FIG. 2:  
The earth as a 

rotating ellipsoid; 
for clarity’s sake 

the ratios are 
exaggerated. A 

resting mass M at 
heigth h experiences 
two forces, Fgravitational 
and Fcentrifugal, whose 
resultant produces 

a net effect to 
the South. 

b FIG. 3: The ‘horizontal variometer’ or ‘Eötvös 
torsion balance’. The beam carries two weights, 
the one hanging down fixed to a platinum wire, 
the other directly fixed to the beam. Each weight 
appertains to an equipotential plane of its own, 
hence the appearance of a horizontal component. 
The telescope on the right carries the scale; the 
observer carries e.g. a storm lamp as light source [4].
courtesy: Hungarian Academy of Sciences.
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between charges—the dielectricum—does it, or does it not, 
play the same role as the medium between masses like 
two molecules, the one in the Sun, the other in the Earth? 
The question was an acute one, since it had recently been 
demonstrated that charge carriers—the new ‘electrons’—
indeed behaved like tiny masses. Maxwell, moreover, had 
shown that electromagnetic phenomena propagate with 
the speed of light and the question now was: did gravita-
tion propagate instantaneously—that is: with an infinite 
speed—or with a finite speed? One Albert Einstein (Bern), 
as yet unaware of Eötvös’ activities, even pondered on 
the varying mass of objects in motion… Eötvös and his 
collaborators Dezsö Pekár and Jenö Fekete interpreted 
the Göttingen challenge as an instigation to reconsider 
the relation between gravity and inertia. Slightly adapted 
their argument runs as follows [3].

According to Newton’s first law two masses M1 and M2 
at a distance r attract each other with a force

Fgravity = f  M1 M2 —
r2       ,

f being a constant, such that mass M2—let’s say, one of the 
spheres of a torsion balance—experiences a gravitational 
acceleration γ with respect to the Earth, M1, of

γ = f  M1 —
r2  ,

If equal masses of different materials indeed feature dif-
ferent gravities this reduces to saying that their constant 
f varies, which may be expressed as follows:

f ' = f(1+x)

In their paper, Eötvös et al. claim that Newton’s experi-
ments with pendulums had shown that x < 10-3 and those 
of Bessel that x < 5 ∙ 10-4; in both cases the estimate had 
been based on the presumed accuracy of the weigh-
ing procedures of Newton and Bessel. The new exper-
iments, then, further narrowed down x to < 2 ∙ 10-7. In a 
way typical for the problem at stake Eötvös et al. reason 
backwards: given the presumed equivalence or identity 
of gravitational and inertial mass, as demonstrated by 
Newton and Bessel, the task is to increase the numerical 
accuracy of that proposition. So they started from the 
smallest possible observable deviation on the screen and 
argued backwards: what is the smallest possible observ-
able change in the ratio Fgravitational ⁄ Fcentrifugal  ? The experi-
ments proper were conducted with the aforementioned 
torsion balance (Fig.3) and a doubled version, featur-
ing two parallel balances in opposite directions (Fig.4); 
the latter balance allowed for two measurements at the 
same time. Broadly speaking the equivalence or iden-
tity of gravitational and inertial mass was confirmed 
once and for all with a new record-accuracy. Though,  
properly speaking, slightly at odds with the intentions 
of the contest, the essay submitted by Eötvös, Pekár and 
Fekete was nonetheless awarded the 1909 prize because 
of the fundamental physics involved. n

b FIG. 4:  
Double torsion 
balance in brass. 
The two telescopes 
are mounted with 
prisms to facilitate 
the observations. 
courtesy: Eötvös 
Museum, Mining and 
Geological Survey of 
Hungary, Budapest. 
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Moving teaching online 
during the COVID-19 pandemic

T
he outbreak of COVID-19 and the subsequent 
pandemic has caused, and continues to cause, a 
substantial upheaval across much of society, in-
cluding higher education. The imposition of social 

distancing measures and eventually lockdown in early 2020 
led to a rapid switch to remote and online learning. Academics 
had to support students to learn physics in a new environment 
with very little notice and minimal preparation.  For the next 
academic year, though, there is at least some time to prepare, 
but the resurgence of the disease in areas where previously it 
appeared to be under control means that there is no realistic 
prospect of universities opening as normal in the immedi-
ate future. Universities across Europe have been planning 
for some kind of blended learning with a substantial pro-
portion of teaching to be delivered on-line and there is little 
prospect of any on-campus, face-to-face delivery until some 
time in 2021. How will universities, and physics departments 
in particular, cope? In this short article, I present some of the  
experiences of academics from the UK. My own teaching 
had essentially finished by the start of lockdown and what 
follows is culled from the experiences of the contributing 
authors named above who were identified through a net-
work established with the support of the Institute of Physics 
in London to help academics share practices and ideas, and 
support each other during this difficult and demanding time.

Currently hosted by Dr Helen Vaughan (Central Teaching 
Laboratories, University of Liverpool), the network runs a se-
ries of regular on-line community meetings which consist of 
two or three presentations on a single theme followed by the 
opportunity to join a breakout room to talk about the topic. 
For those unable to attend, the presentations are recorded 
and reports of the break-out room discussions are made to 
create a lasting resource (hosted here (https://www.liverpool.
ac.uk/central-teaching-hub/physicslthe/)). Attendance at the 
meetings is typically in excess of 100 from across the UK and 
Ireland and topics and contributors are sought from across 
the community. We have been able to discuss experiences 
and plans for teaching online; virtual and remote laboratories 
and ensuring students feel included with many more topics 
being suggested all the time. Accompanied by an email list-
serve, it is intended that this network will support the UK 

community through the current challenges and be a place 
to continue to collaborate in the future. 

Stan Zochowski, from University College London (UCL) 
has been teaching a course in mathematics for physics on 
line to approximately 240 first year undergraduates per 
year for the last three years and shared his experiences with 
the network. The course runs over 11 weeks and is divided 
into eight portions, with each portion containing content, 
quizzes and a plenary session to summarise the content 
and address students’ questions.

The biggest challenge that Stan reports facing was 
around technology: which technology to use and then how 
to master it. Stan chose to deliver the content by video and 
students reported liking the self-paced study that this af-
fords. Once students have achieved a minimum level of 
mastery over the content in a particular portion, as evi-
denced by their score on the associated quiz, the next por-
tion is made available to them. Learning is thus tailored to 
the individual, but the plenary sessions provide an oppor-
tunity to ask questions directly.

Delivering content in this way requires a lot of time to 
prepare the content. It is sometimes necessary to continue 
with a video simply because there isn’t time to remake it, but, 
adjustments to video content notwithstanding, Stan is con-
fident that he has a format that is effective. The level of en-
gagement by the students is higher than with conventionally 
delivered material and students also appreciate the different 
way that this material is delivered compared with their other 
courses. This raises the prospect in the coming year that the 
on-line delivery of much of the other content that students 
will face will reduce the impact of Stan’s teaching.

Jaroslaw (Jarek) Nowak, from Lancaster University, taught a 
complete course in quantum physics for about 200 first year stu-
dents following lockdown. Delivered conventionally, this would 
comprise sixteen 50-minute long lectures over a period of five 
weeks with weekly tutorials, a designated office hour and weekly 
coursework. The electronic version comprised recorded lectures 
which students could access in their own time, “office” hours and 
two “live” interactive tutorial sessions delivered synchronously 
using Microsoft Teams. Four teaching assistants supported the 
live sessions and also assisted with marking. 
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TOPTICA PHOTONICS
www.toptica.com
TOPTICA Photonics, founded in 1998 
near Munich (Germany), develops and 
manufactures high-end laser systems for 
scientific and industrial applications. The 
portfolio includes diode lasers, ultrafast fiber 
lasers, terahertz systems and frequency 
combs. OEM customers, scientists, and over 
a dozen Nobel laureates all acknowledge 
the world-class exceptional specifications 
of TOPTICA’s lasers, as well as their reliability 
and longevity.

ZURICH INSTRUMENTS 
www.zhinst.com
Zurich Instruments is a technology leader 
developing and selling advanced test & 
measurement instruments for dynamic 
signal analysis. These devices are used 
in many fields of application by high-
technology research laboratories and 
industrial development sites. Zurich 
Instruments' vision is to revolutionize 
instrumentation in the high-frequency 
and ultra-high-frequency 
range by incorporating 
the latest analog and digital 
technology into powerful 
measurement systems.

MCPHERSON 
www.mcphersoninc.com
McPherson designs and manufactures 
scanning monochromators, flat-field 
imaging spectrographs, and vacuum 
monochromators and measurement 
systems for reflectance, transmittance, 
and absorbance testing. Its spectrometers 
and systems are built for soft x-ray, 
vacuum-ultraviolet, and UV/Vis and 
Infrared wavelengths. Applications range 
from lasers and lithography, solar, and 
energy to analytical life science and more.

PFEIFFER VACUUM 
www.pfeiffer-vacuum.com/en/
Pfeiffer Vacuum stands for innovative and 
custom vacuum solutions worldwide, 
technological perfection, competent 
advice and reliable service. With the 
invention of the turbopump, the company 
paved the way for further development 
within the vacuum industry. Pfeiffer 
Vacuum offers a complete product 
portfolio: backing pumps, leak detectors, 
measurement and analysis devices, 
components as well as vacuum chambers 
and systems.

OPTIGRATE 
www.optigrate.com
OptiGrate Corp is a pioneer and world 
leader in commercial volume Bragg 
gratings (VBGs) and VBG-based ultra-
narrow band optical filters. BragGrateT 
Raman Filters from OptiGrate are 
unmatched in the industry for narrow 
linewidth, optical density, and optical 
transmission. BragGrate notch filters 
enable measurements of ultra-low 
wavenumber Raman bands in the THz 
frequency range down to 4 cm-1.

LASER QUANTUM
www.laserquantum.com
Laser Quantum, world-class manufac-
turer of ultrafast and continuous wave 
products, provides customised solu-
tions to meet the needs of our cus-
tomers whilst supplying cutting-edge 
technology with industry-leading life-
times to further research. To learn more, 
please visit www.laserquantum.com or 
contact us for a free demonstration and 
quotation: +44 (0) 161 975 5300.

LEYBOLD 
www.leybold.com
Leybold offers a broad range of 
advanced vacuum solutions for use in 
manufacturing and analytical processes, 
as well as for research purposes. The core 
capabilities center on the development 
of application- and customer-specific 
systems for creating vacuums and 
extracting process gases.

MB SCIENTIFIC AB 
www.mbscientific.se
MB Scientific AB is a Swedish company 
which develops and produces state of 
the art instruments for the photoelectron 
spectroscopy experiments.  Our 
photoelectron energy analyser MBS A-1 
gives you the opportunity to do world 
leading research together with MBS VUV 
photon sources, MBS L-1 and T-1, which 
produce the brightest and narrowest 
lines existing to be used for this type 
of experiments.

TREK 
www.trekinc.com
TREK, an Advanced Energy Company, 
designs and manufactures products 
for demanding applications in research 
& industry. Trek’s high-voltage 
amplifiers utilize proprietary circuitry 
to provide a closed-loop amplifier 
system with exceptional DC stability 
and wideband performance for driving 
capacitive loads. Trek’s non-contacting 
electrostatic voltmeters circumvent 
the charge transfer issues of traditional 
contacting technology.



EPN 51/432

 [Education] 

At the end of each week students had to complete a work-
sheet on the recorded lectures, each of which was dedicated 
to a single topic. In consequence, topics that would ordi-
narily take a small fraction of a live lecture, and therefore 
could be easily overlooked by students, could be given more 
prominence. Lengthy mathematical derivations were written 
in LaTeX and also recorded separately in a video. Links to 
external resources, such as YouTube videos or simulations, 
practice problems and supplementary videos on background 
knowledge, such as the wave equation or complex numbers 
were provided to support students. Preparing all this material 
proved a real challenge, especially working at home, but there 
were also advantages to this approach. Each recorded lecture 
contained three questions aimed at providing feedback and 
the comments and questions provided by students were dis-
cussed during the synchronous sessions. As with Stan’s course, 
students were in control of their own learning in as much as 
they could work at their own pace, accessing the recorded lec-
tures and supplementary videos as needed, provided that they 
completed the work within the week. The main challenge is 
to get more students involved in the discussions, as these are 
not very effective with the numbers currently participating.

Laura Kormos, also at Lancaster University, delivered 
two different activities online. The first was a course in vec-
tor calculus delivered to 162 first year students in two 1-hour  
sessions per week live-streamed through Microsoft Teams. 
The lectures were supported by five 1-hour workshops per 
week for smaller groups of 35 students. These were organ-
ised by Laura, but run through Microsoft Teams by her and 
four teaching assistants. Students had to complete a Moodle 
quiz and three other worksheets by way of course work. The 
second course was in place of a laboratory class for second 
year students. Delivered to 54 students in one 7-hour session 
per week, students were expected to work with a partner to 
analyse the data from an experiment on the Zeeman effect. 
Supporting materials included a lab script and photographs 
of equipment, including fringes at different stages of the ex-
periment. The students produced a logbook using LaTeX and 
recorded a presentation in conjunction with their lab partner.

On the face of it, Laura’s predominantly synchronous ap-
proach appears to require less preparation than either Stan’s or 
Jarek’s predominantly asynchronous approach, but in fact it is 
no less demanding. In Laura’s own words, “The biggest chal-
lenge was time and energy. The sheer amount of organization, 
of typing ideas, plans and changes, answers to students' queries, 

sharing with the Director of Teaching what the plans were as 
they were evolving.” Students could ask questions during both 
the live-streamed lectures and the lab sessions using the chat 
window. More students asked questions than would normally 
do so in a face-to-face lecture and other students could indicate 
their support for a question by liking it. Some even answered 
the question before Laura could. Although this is a positive 
benefit, it nonetheless caused difficulties: “I can type 90 words/
minute but couldn't type fast enough to answer everyone's 
questions”. Mastering the technology, including learning to 
use MS Teams and MS Whiteboard, was “tough” and took “a 
lot more time than my usual teaching.” 

Alison Voice, from Leeds University, identified seven key 
elements to successful online delivery that neatly summa-
rise the issues raised above. 
1) WORKLOAD: The pandemic arrived suddenly. Staff 
have a short timescale to adapt and students have to cope 
with more than normal. The solution should be simple and 
effective whilst allowing students to interact with staff. 
2) LEARNING OUTCOMES: Focusing on the educational 
aims and important deliverables at the outset allows extra-
neous content or activities to be released. 
3) SYNCHRONICITY puts learners at the heart of teaching, 
but ASYNCHRONICITY allows students to work at their 
own pace and places fewer demands on staff during teaching.  
4) CONTENT DELIVERY: Technology affords creativ-
ity, freeing both staff and students from the constraints of 
50-minute lectures. 
5) UNDERSTANDING can be developed with self-testing and 
feedback. Delivery should thus be punctuated with regular short 
conceptual quizzes and/or practice problems with feedback. 
6) ENGAGEMENT: For effective learning students need to 
be active, both individually and with other learners. Content 
liberally spaced with questions, videos or simulations will 
motivate, and group work will provide both social and ac-
ademic stimulation. 
7) BELONGING: With so much remote study we should 
take special care to ensure all students feel part of the class, 
and follow up individually those who are less engaged. 

Teaching online is time-intensive in a way that lecturing 
face-to-face is not and it is open to question whether many 
universities are properly equipped for the transition. There 
is a strong community desire within the UK to share and 
seek solutions and colleagues across Europe are invited to 
join in the online meeting and discussions.
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