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 er 2  year  of er Ser e 
o e S  o era o  20  
a  a e a  o- S  year  

On 10 December 2018, the 
ESRF X-ray source was shut 
down for a 20-month upgrade 

to a brand-new storage ring, 
the new Extremely Brilliant 

Sour e E S   S  re u  
 u u  2020  e ESRF bea  ay 

a e bee  e  o   year  bu  ESRF-
e ab e  e e e er o e  a  o e a a  
this edition of the ESRF Highlights re e  e 
e e e e a  er y of e o er e  a e 
by ESRF u er  

Research continues to reach impressive 
levels

 fa  ur  20  e e  ou o e 
ba e  o  re ou  year  bea e a  e 
ESRF rea e  e e  by a  ea  o arab e 
in terms of quantity (for example, number of 
referee  ub a o  a  ua y for e a e  

u ber of ub a o   - a  our a  
 ery ar o o e of re ou  S  year  

e e Highlights report on selected examples 

and underline the long-term impact of research 
arr e  ou  a  e ESRF  ea e  e e e  

for e e  o or u e  o be u e e  by e 
E S r e  e re ara o  for a y a  a  
e e  re ar  of e ESRF ub  a  R  
beamline portfolio, which will begin in March 
2020   e ob e e o ro e a a u  
number of operational beamlines on the date of 

S  re ar  o  2  u u  2020  

During the past year, enthusiasm for EBS has 
r e  e o e o  a  e e o e  of e  

beamlines to be deployed in the coming years, 
a   a  a o bee  e o ra e  by re e 

a y  er  of or o  o fere e  a  
oo  abou  20 e e 20  er ee  

to discuss and prepare future EBS science 
 e u er o u y  e e a e  

o  o y a o e  u  o ee  o a   ESRF 
users, but also to attract and interest the next 
generation of scientists, who will be the main 
actors for the best use of the new, extremely 
bright synchrotron source, and who will explore 

e  re ear  e  for e o  e a e  e 
are oo  for ar  o your ro o a  ar  
from the next beamtime proposal submission 
deadline of 2 March 2020!

First beam for EBS

 2 e e ber 20  e e ebra e  e r  
injection of electrons in the new EBS storage 
r  a  o   e e ber  e r  ore  bea  
See  e r  e e ro  r u a   erfe  
accordance with the schedule established in 
20  a  a  e e y re ar  o e  for 
a  e ea  o a e bee  or  re e y 
on the EBS conception and implementation 

e  au   20   ar e  e 
successful completion of the engineering and 
installation of the EBS storage ring within the 
existing ESRF infrastructure, and the start of the 
commissioning phase of a brand-new generation 
of -e er y y ro ro  

It was also a day of pride for the whole synchrotron 
o u y  a   o a e ro e  ba e  o  

the principle of international cooperation, aims 
o er e e or  y ro ro  e  a  

u er   a  o b e a  o e e a o  
a  e er e of e ESRF a  e o abora o  
with international partner institutes and 

u ry  a  e a uab e ro  o a  
support and trust of our 22 partner countries, 
all joining forces for the same goals: pioneering 
y ro ro  e e a  a  oba  

a e e  a  are oo o e  o be o e  by 
o e ou ry a o e

Ready for the challenges ahead

2020  be e ua y e e   ara e  o 
optimising the operation of the new machine, we 

 a o be or  a uou y o re ar  e 
ESRF e er e a  ro ra e   ar u ar  e 
ob e e of S  re ar  by u u  2020  a 

a u  u ber of ub  a  R  bea e  
 ESRF  o  r or y for 2020   a o  e 

 o ue o a a e a or  o a  o  e 
o e  or  a   a re  e o e o  of 

the EBS programme and the return of the ESRF 

E R ESRF SER  
DEAR READER

2 ESRF

Francesco 
Sette

INTRODUCTION

This edition of the ESRF 

Highlights reflects the excellence 

and diversity of the discoveries 

made by ESRF users. I hope that 

it will inspire you for your next 

experiment at the ESRF.



o fu  u er o era o   e year  202 -2024  
 or   be arr e  ou  o  a y fro  

fro  e au  of E S a  bea e  
and the new High-Power Laser Platform, to 
the refurbishment of existing beamlines, the 

e e o e  of ey ru e a o  a  
e e or  e e e o e  a  e e a o  

of the ESRF data-management programme, and 
the recruitment of new beamline scientists and 

a   ESRF ea  are ob e  o ro e 
the synchrotron community with the best tools 
o u  e  of e e

E S  ro e e  oo  for e e a o  
of a er a  a   a er fro  e 
macroscopic world down to the nanometre 
scale, and hopefully to the direct imaging of 
o o era e  of a fe  u re  a o    

thus allow scientists to probe complex materials 
in greater detail, with higher quality, and much 
fa er  ar  e  re ear  o or u e   

e  u  a  ea  e er y  e e ro e  
e  u a ab e a  o a e a er a  

a  a o u ura  er a e a  a eo o o y  
y e a  e o e y of o e e  

a   a er  E S  e  a re  oba  
challenges and contribute to their solution for 

e be e  of our o e y  

A new page in X-ray science

And what better way, in 2020, to open a new 
page in X-ray science, than to dedicate it to 

e o e  a  e  o o eere  e e  of 
X-ray science, perhaps already imagining all the 

o erfu  o er e  a  ou  fo o  a  
o e r or   ar u ar     e e 

pleasure that I wish to dedicate the ignition of 

E S e e o e  o ra  R e  o  e 
2 th a er ary of  o ery of -ray  a  
o Ro a  E e Fra   a  ou  a e 

been her 100th year, for her X-ray crystallography 
or  a   o e ra  o e u er a  of 
e o e u ar ru ure  of N  RN  ru e  

a  ra e

a  o e eryo e  o b e  ar  or  
20  a  a  e e bu  e  year fu  of 

e e o e  a  or a  a e e e  
a  you o a  e e  o o r bu e  

o  20  e o  of e ESRF Highlights  
I hope you enjoy it and that it will inspire you for 
your e  e er e  a  e ESRF

FRANCESCO SETTE
Director General, 
ESRF



e Euro ea  or o 2020 ro e  
E e for o o ra y a  

SES E E S  a  au e   
e ob e e o e  a  o ru  

a bea e for ar - -ray  fu - e  
tomography at the SESAME 
synchrotron in Jordan, 

 o abora o   e ESRF  

 or o 2020 ro e  oor a e  
by the ESRF to promote open access 
to data, the Photon and Neutron 

e  S e e ou  PaN S  br  
together six strategic European 
research infrastructures to help 
construct the European Open Science 

ou  a  e o y e  for u er a  
and cross-disciplinary open access to 

a a rou  a e a e  o  

January

H2020 project BEATS 
launched

H2020 project 
PaNOSC launched

28 February

Dismantling of third-
generation source complete

 February

Elisa Borfecchia,  
Young Scientist 2019

e a  of e ESRF  
third-generation storage ring was 
o e e    ee  ea  

re o e  o er 20 o e  of 
equipment, including girders, 

a e  a uu  a ber  a  
associated instrumentation, from the 

ora e r  u e  

E a orfe a  fro  e er y 
of ur   a y  a  a ar e  e 

e of ou  S e  20  by 
e ESRF er r a a o  for 
e re e re u  o  e e e 

catalysis that she obtained with 
e e e u e of -ray e ro o y 
a  2  a  2  
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Four ESRF projects were among 
170 schemes awarded funding by 

R  a or o 2020 ro e  
fu e  by e Euro ea  o  a  
ba e  by a o or u  of re ear  
organisations, including the ESRF, to 

e e o  brea rou  e e o  a  
imaging technologies for science 
a  o e y  

ESRF ea  a e  e a  E S 
girder in the storage ring tunnel, 

ar  e u e fu  o e o  
of the girder installation phase of 

e ro e  ea  a  ree o  
o a  2  e  r er  u or  

o er 0 000 o o e  re o -
a e  o  0 ro  

ESRF projects ATTRACT 
funding 

EBS girder installation 
complete

ESRF ea  a e  e r  
components for the EBS in the 

ora e r  u e  a ey e o e 
 e 0  o eer  u ra e 

programme to replace the third-
generation source with a brand-new 
machine, boosting the performance 
of  e era e  -ray bea  by 00  

Kirsten Marie Ørnsbjerg Jensen, an 
a a  rofe or a  e er y 
of Copenhagen and a longtime 
user of the ESRF, was awarded the 
20  r a - NES  er a o a  

o e   S e e R  a e  
a ar  for er or  o  ru ura  
a a y  of a o a er a  

   
components of EBS

ESRF user wins L’Oréal 
UNESCO award

6 March

21 March

5HIGHLIGHTS 2019

22 May

24 May

ESRF inspires at Street 
Art Festival

ESRF–India workshop

14 June

14 June

e ESRF re  a a a  ree  
artist Aaron Li Hill to include a 

e  of e y ro ro  a  a ey 
part of his monumental fresco 
for re ob e S ree  r  Fe  20  
named ‘Process of

e era o  

A symposium on multidisciplinary 
research at the ESRF was organised 
by the Regional Centre for 
Biotechnology in Faridabad, India, 
as a great opportunity to promote 
and strengthen the longstanding 
research collaboration between  

e ESRF a  a  
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EU project InnovaXN 
launched

French Science  
Festival

October 

10 – 12 October 

October saw the launch of 
o a N  a e-year E -fu e  

doctoral training programme 
bringing together the expertise of 
large-scale research infrastructures, 
such as the ESRF, with the R&D 

ee  of Euro ea  u ry  

e ESRF e o e  e ub  a  
e a ua  Fre  S e e Fe a  

As well as leading 18 sessions with 
primary school classes from the 
region, the EPN Campus held a stand 
showcasing the research carried out 
at the four institutes, centred around 
o e of e a  e e  of  year  
S e e Fe a  e Per o  ab e  

ESRF/ILL host joint Student 
Summer Programme

e ESRF  er a o a  S u e  
Summer Programme on X-Ray 
and Neutron Science was held 
fro     2  Se e ber  e y 
international undergraduate 

u e  oo  ar   a four- ee  
experimental project, embedded in 
a research group at the ESRF or ILL, 
together with a series of introductory 
lectures on the principles and 
applications of X-ray and neutron 

e e  

September

ESRF welcomes European 
Young Scientist winner

e ESRF e o e  E y u  a 
young British student and laureate of 

e 20  Euro ea  o e  for ou  
S e  E S  e o e o  

a  e  u    by e Euro ea  
Commission to promote the ideals of 
cooperation and exchange between 
you  e  

June
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y  ay  a er e ar  of 
commissioning, teams were able to 
accumulate electrons in the storage 
r  a  e or -re or  or o a  
e a e a ue of 0   e 
a e e e  a  a  or a  
milestone on the way to opening 
a brand-new generation of high-
e er y y ro ro  o e  
u er   u u  2020  

e r  e e ro  ere e e   
the new EBS storage ring according 
o e u e  ar  e u e fu  

completion of the engineering 
and installation of EBS within the 
existing ESRF infrastructure, and 
the start of the commissioning 

a e  

E e ro  ere ore  for e r  
time in the EBS storage ring, only 

e ay  a er e ar  of e 
o o   

 No e ber

H2020 project 
STREAMLINE launched

South Africa–ESRF Light 
Sources conference

Record emittance for 
EBS

EBS commissioning 
started

First stored beam for 
EBS

S RE NE  a or o 2020-
fu e  e-year ro e  a   
complement the ESRF-EBS upgrade 
by enhancing user operation through 

e  ro e ure  a  y e  
S RE NE  ra  e  u er  
in the new EBS opportunities as well 
a  rea  ou  o e  e  
communities in academia and 

u ry  

A South Africa–ESRF Light Sources 
conference was held in Johannesburg 
o e a e o  e e  

collaboration with South Africa, and 
further collaboration, especially in 

 of e E S   e  u  a  
heritage sciences and palaeontology, 

e a  eo- a  e ro e a  
sciences, energy, nano- and material 

e e  a  o e e u ry  

e ESRF o e  a  ar a  
e e e  or o  broa a  
e fro  e ESRF  ou ube 
a e  -ray a  eu ro  fa e  

are facing growing challenges in 
producing, handling, treating and 
fully exploiting data of increasing 

o u e a  o e y  e 
or o  e ore  e o e a  

applications of AI in treating data at 
ar e- a e fa e  

  
workshop

2  4 No e ber

7HIGHLIGHTS 2019

   No e ber

 e e ber

2 December

6 December
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Fig. 1: Dismantling of the third-generation source began in 
e e ber 20  y ar  ear y 00 o e  of a er a  a  

bee  re o e  fro  e ora e r  u e  

Fig. 2:  or  ere arr e  ou  o re are e u e  
for the new lattice, including painting and installing new 

r er u or  a e

S S F E E S
STATUS OF THE EBS

10 ESRF

The past year witnessed the achievement of momentous milestones in the Extremely Brilliant Source (EBS) 
programme, including the completion of the dismantling and installation phases and the start of commissioning 

     W               
are also underway.

PR E  ER E

20  ar e  e  year of e ESRF  E S 
project to implement a new, fourth-generation 
a e for e ora e r    re u e 

e e u br u  or o a  e a e fro  
4 nm to about 134 pm, thus greatly increasing 
the brilliance and coherence of the X-rays 

e era e  a  o e  u  e  er e e  for 
e er e  a  are o  o e ab e o ay  

u  of e or  of e ro e   20  fo u e  
o  e a  of e re ou  r -
generation storage ring, which began with the 
start of the shutdown on 10 December 2018, 

a  o  e a a o  a  a e  of e 2  
pre-assembled girders that comprise the new 
a e  e a a o  a e a  o e e  
u e fu y by e e  of No e ber 20   

storage ring commissioning commencing on 
e u e o  2 e e ber

e e  a   a e ory 
o ee  ee  ere e  a  e 

ESRF  ay a  No e ber 20  o ee 
members from leading institutes around the 
world came together to discuss the progress of 

e E S ro e  a  o a e re o e a o  
for e  o  a ea   No e ber  e  

a  re e   e e e  of ro re  a e 
o er e year a  o ra u a e  e ESRF a  
o  e e y a e e e  of ey e o e  
ready for the start of machine commissioning in 

e e ber

S N N  P SE 
P E E

e a  of e re ou  ora e r  
oo  a e o er  ee   a  ore a  

20 o e  of a er a  re o e  u  0 
r er  200  of ab e  a  000  of  

So e o o e  u  a  e er o  e e  
a  bea - o  e e or  ere re o ere  o be 
re-u e   e e  a e  or  ar e  o 

ua y a e a  e  ea  e e of 
e u e  re o e  fro  e u e  P e  a  
ab e  ere a o o e e  a  re o e  e  

by e  e o re e roof a  re o e  a  ea  
r er  er o  e e a  ra ofre ue y RF  

a y e  ou   e ree o er ea  ra e  
in the Experimental Hall (Figure 1  

Fo o  e a   or   e 
u e  be a   February  a  u e  re o  

concrete pillars and girder support plates from 
e u e  oor  So e of e e  re e   
e u e  oor ere e  e   o re e a  
e u e  a  ea e  a  re a e  F a y  

2  e  r er u or  a e  ere a e  o  
e u e  oor Figure 2  e  or  a e 

e e   ar



Fig. 3: e re e a a o  of 2  re-a e b e  r er   e ora e 
r  u e  ar e   ar  20

Fig. 4: Following the completion of the girder installation in May, the insertion 
e e  ere a e   e ora e r  u e  fro  u y o No e ber

11HIGHLIGHTS 2019

P E N F E 
NS N P SE 

e r  E S r er a  u  o a e  ar  
(Figure 3  ar  e ar  of e a a o  
o e o  a  a e  of 2  re-a e b e  

girders as well as equipment such as the RF 
a e  a  e ra  e o  e r er 

installation was successfully completed in 
ay  ar  a a or e o e  e ro e  

r ee  e  - a e  RF a e  ere 
also installed in the storage ring by the end 
of May, fully equipped with all ancillaries and 
o e e  rou  e a e u e r bu o  
e or  o e RF o er ra er   2 

cells of the storage ring were connected to the 
cooling system by July, while the installation 
of 13 000 cables connecting equipment to the 
o ro  roo  a  o e e   Se e ber  e 

e u e  e  ar e  ro re e y a  oo  
a  e ab   ea  o e a  e  

e a a o  of e er o  e e   
the EBS storage ring started in July and was 

e   No e ber Figure 4   e -
a uu  u u a or  u  ryo e  

permanent magnet undulators, were adapted to 
the EBS lattice, which required the engineering 

o a o  of e oo  ayou  a  e 
e ra o  of e  e b e ra o  e 

e e  ere e  re a e   e ora e 
r  a or  o e u e  e ere  
sources for the bending magnet beamlines 
were magnetically characterised and tuned, 
including eight short bending magnets, eight 

o- o e er  a  o e - e  ree- o e 
er  

In July, the EBS magnets were tested for the 
r  e a  e r a  e e ro a e  a  

corrector magnets in four cells were powered up 
then ramped up to operation settings for three 

our   b  a e for E S  a  ea  a e  
 e ora e r   o ere  ua y  

rather than by family of 32 or 64 magnets as 
 e re ou  r   e  ro e  o ro  

o er e a e  bu   a o ea  ere are 
nearly a thousand separate power supplies to 
o er ee. For  e o e  of o - a  
was implemented, which means that in the case 
of a failure on one of the units, it can be changed 

u y ou  o  e bea  e ur  e 
 re ab y of e a e  o er u e

e e o  o e a  u ra e  a  a e  
with the reduction of the booster circumference 
and the installation of magnets and supports 

 e e o  o e a  a e  a e 
u u  e four era  a ber  for e 

e o  er  ere e ere  a  a e  
 Se e ber  fo o e  by a uu  o e o  

a  a e  

o er  e a uu  e a a a o  of e 
re ou  - a uu  er o  e e  for E S 
a  a o e  a  e e e  ere rea y 

for a a o  by e e  of Se e ber  e 
straight sections were installed, connected 
a  ba e  ou  by ober  e e or a e  
and bellows were replaced and all girders re-
o e e  a  u er a uu  by No e ber  

Re ar  a o  e u e  a  of e e 
r e a ber  ra er  -u  a ber  

and the beam stop were successfully installed, 
and the two collimators were installed and 
a e  be ee  u u  a  No e ber   
other equipment was tested and calibrated by 
No e ber  

e a a o  of a e  u  ro e  oo  
oo  a e  ober a  No e ber   o  

of the loops and connections, a complete 
refurb e  of e u  ro e  a  a  



Fig. 5: e re o -a e  of e ora e r  o o e  o e  a  
0 ro  a  o e e   No e ber

Fig. 6: e a a o  a e of e E S a  o e e  o  e u e a  e 
a e a  rea y o o o  by e e  of No e ber 20

STATUS OF THE EBS
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u er a e   a e  a  a e   ober 
o o e  e er e e  of o u o  

 a or a   e a a o  a e a  e 
re o -a e  of e 2  r er  a  

o er e u e  Fo o  e a a o  
and alignment of the girder feet and the girders 

e e e   ay  re ary a e  a  
e  e a e  a  arr e  ou  Ne  e 

DQ2 magnets were installed across girders 2 and 
 a  a e  o  e  a  00   

addition to the girder alignment, the front ends, 
ra  e o  a  er o  e e  ere 

a e  a  a e   e a  a e  of 
e ora e r  o e  a  0  e   

-No e ber Figure 5

Regarding the EBS control system, which is 
ba e  o  e ESRF- e e o e  a o o ro  
fra e or  a e  ar e a aba e a  

e e o e  o a o  ore a a o be ore  
at higher frequencies while speeding up the 

e ra o  e a y  S a  
e or  a  e e   e e o  e o ro  
o are for e o er u y o - a  y e  

integrating the new beam position monitors with 
the existing ones, and replacing the hardware 
o erfa e e er o e  afe y y e  

A complete new set of graphical applications 
a  e e o e  for o era  e E S  e o ro  

system was ready on time with all features 
re u re  o o o  e E S

e o e o  of a  e e a   e re u  
of e  a  e a o  of ESRF a  o e 
o r bu o  a e e ure  e E S a a o  

phase has been accomplished successfully and 
on schedule (Figure 6  

S R E R N  
SS N N  S R E

 -No e ber  e ora e r  u e  a  
o e  Fo o  oba  o er u y e  

and the start-up of the injector system, the 
r  e e ro  ere e e  o e N  

a  boo er  u  o 2   2 e e ber  e 
commissioning phase began with the injection 
of e r  e e ro  o e E S ora e r  
(Figure 7  e  a  o ee  a er  ea  

ere ab e o a u u a e u  o   bea  
urre   a or  re or  or o a  e a e 

of 2 0  e a e o o   
ru  u  e e  of February 2020  er e 
following months, teams will continue to fully 
characterise all aspects of the machine in terms 
of ar are erfor a e  a uu  y e  
RF  o er u e  e  e fy o e a  

ea e e  a  a o  a o  o u o   
re our e   be u e  o ro e e re ab y 
a  e u e of e e  a e u  o er 
Ser e o e S  a ar   ebu  
of ar are a  o are o u  ur   

e  a o  oo  a  o uou y e o  
mathematical algorithms will be utilised to 
identify potential problems and errors, while 
simultaneously tuning the machine in order to 

ro e  o era  erfor a e   ar u ar  
to bring the machine optics as close as possible 
o e  e a o

e ora e r  o o   be fo o e  
by six months of beamline commissioning, 
o e   ar  2020

P  E NE P R E

Of the four selected EBSL beamline projects: 
 
• EBSL1 – ID18: Beamline for coherence  
 applications;
• EBSL2 – ID03: Beamline for hard X-ray  
 ra o  ro o y



Fig. 7: Commissioning 
of the EBS started 
on 2 December with 

e r  e o  of 
electrons into the new 

ora e r

13HIGHLIGHTS 2019

• E S    - rou u  ar e- e   
 phase-contrast tomography beamline;
• E S   2  Ser a  ry a o ra y  
 beamline,

EBSL3 and EBSL8 entered the implementation 
a e  20  e o ru o  of e a e e 

building for EBSL3 – BM18 progressed according 
to schedule and the contract for the construction 
of the experimental hutch in the satellite building 

a  e ab e   e e  of e bea e 
ru e a o  a  e  a  o  of e 

ar  a e bee  or ere  for a e b y a  
a a o  

Fo o  e u e fu  re e  of e 
e a  e  re or  R  for E S   

2  a ro a e y 40  of e o ra  
for the construction of the infrastructure and 

e e  ru e a o  ere a e  
e e  ru e a o  of e o  2  

bea e a  re o e  a  o ru o  ar e  
 No e ber 20  a  a e

e R for e e e a o  of E S 2  
0  a  ar e   au u  20  a  e  a  

an update of the conceptual design report 
R  for e E S    ro e   fo o  

the appointment of a lead scientist and a one-
ee  e a e  e u er o u y  

Se e ber  e re u ar bea e refurb e  
programme also progressed as part of the EBS 
bea e-rea e  a

 a o  o e E S  bea e ro e  e era  
existing beamlines are being rebuilt or deeply 
refurb e   u e    
• ID27: High-pressure beamline;
• ID24: X-ray absorption beamline with two  
 branches;
• ID21: X-ray microscopy beamline;
• ID14: Nuclear resonance beamline;
• BM23: EXAFS beamline,
• 2  oS S bea e

e R for e o e e re o ru o  of 2  
as a long beamline in the Chartreuse Hall has 
bee  a e  a  re e e  e e a e  e  
is progressing well and all the long-lead items 
for e bea e o  a e bee  or ere  e 

R  for e re o ru o  of e o bra e  
of ID24 (ED-XAS branch for the HPLF – high 

o er a er fa y   bra  for - u  
robea  S  a e bee  a e  a  e 

o ru o  a e ar e  e R for e r  
a e of e u ra e of 2  a  bee  a e  

a  a ro e  for e o e e re o ru o  of 
e ro o e  e e er e a  u  e 
R for e re o a o  of e u ear re o a e 

beamline ID18 to port ID14 as a new beamline 
a  bee  ar e  e e  of e ore e e e  

of e e  bea e a  bee  e  a  e 
construction of those elements has been initiated 

for installation on beamline ID18 for testing 
a  r  u er e er e  before re o a o  o 

or  4  e o o era  be  a e  
beamlines in the public beamline portfolio, BM23 
a  2  are urre y be  ee y refurb e  
for EBS-readiness and enhanced performance on 

e r e  o- o e er our e  

R  E NE P R E

 20  fra ru ure or  o  bea e  
e u e y fo u e  o  e o abora  
Re ear  rou  R  bea e  e  of 

e oub e-bra  bea e  2  a  
0  o ue  a  a e  e u -

e a  R  E  oo  o er e rea a e  
bea e 4 o re a e bea e 2  a er 

e o  u o

e o ru o  of e fra ru ure for e 
e  Fre  R  bea e 0  a  e  

a  e a a o  of e e  e u e  
 u er ay  or  o  ee  o a o  of 
e fra ru ure of e R  bea e  20 

and BM28 continued in preparation for the new 
our e   R  bea e  ere re-a e  a o  
e e  E S bea  ra e ory a  e e  by e r 

choice of source (single-bend, two-pole wiggler 
 or o- o e er  orre o  or  

on the lead shielding were started and continued 
until the start of the EBS commissioning in 

e e ber  era  e or  for e E S- 
rea e  of e R  bea e  are ro re  

e  a   be e   e for e re ar  
of the beamlines in the beamline commissioning 

a e  fro  ar  2 o u u  24  2020

NS R EN N N  
 N E EN

e E S ro e  o r e  a  a b ou  
instrumentation and technology programme, 

  re u re  o a  e rea e  be e  
fro  e e  our e ro er e  
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E E R PR RE EN  
N  E E P EN  

S R E

 20  e era  a e  ere a e  o 
prepare the reception and installation of the high-

erfor a e e  array e e or  for a er
ra o  bea e    be e ere  

u  202  e R  a e  of e E S e e or 
e e o e  a  P  o ue  o ro re  

 a  e o o y ro ra e  e e o  
a fa or y   ar u ar  e e o  a  

e e a o  of e u ra e  er o  of e 
o are fra e or  for 2  e e or   

which will enable scalable systems, able to cope 
with the high-throughput data streams produced 
by a a e  e e or  e e e o e   
o abora o   e er y of e e ber  

of a e  ery- - y a -ra e a  fa  
e e or o e a e  ER  re e e  a ra  

fro  e 2020 R  a e page 5  e 
r  e  rea ou  S     roe e ro  
e o o y for  ro e  a  re e e  a   

u er e a ua o  e r are a  o are 
re u re  for e S R P  e e or rea e  
milestones necessary to build a 1-megapixel 

ro o y e rea y for r  e a ua o  a  e 
bea e re ar   2020  e P e  rou  

 r  fu  er a  re e   ay  u e 20  
e re e  oo e   e a  a  e ro re  

a e e e  a  ue  fou   e ar ou  
ro ra e  a  R  ro e  of e a  

e o abora o   PS  for e u a e a  
e a ua o  of e N FR  e e or a  
extended to include the study of new types 
of pixelated sensors and the exchange of 
technical information and cooperation on 
the implementation of the high-performance 
o u  a for  re u re  o u e N FR  
e e or  e e y a  ora e r   a e  

is crucial for the integration of the main detector 
at the new beamline for serial macromolecular 
ry a o ra y  E S   2

R  P S N  
E R N S

In X-ray optics, considerable progress was 
made in the modelling of the propagation of 
partially coherent X-rays through imperfect 
o  e e  rror  e  a ab e   e 

re  of a u u  o ou  refra e 
e e  ere ro e  a  e e e  o a er 

ra  a  e urfa e ure error of a ar  
-ray rror a  ro e  by o b  

ere a  e o o  a  o e e ro o y 
oo  S u a eou y  e or  o ue  o 

enhance the quality of 2D-surface topography 
measurements necessary for the correction 

of u  rror o  e e a e  e  of a 
e  -  e o o  y e  o e  for 

multilayer coating of nanofocusing and high-
resolution monochromators was completed 
a   e u e  for e ery  au u  2020  

e E S bea e u o  a o re e e  e 
opportunity to upgrade some of the core tools 

 e ESRF ry a  abora ory  e abora ory 
X-ray facilities and diamond saws essential for 

e a ufa ur  ro e ure   u  be e  
fro  fu a e a  u ra e

In the area of mechatronics, the major on-going 
e e o e  a  e e ro o y oub e-

crystal monochromator prototype (Figure 8  
where the positions and angles of the crystals 
are ensured by fast actuators controlled in real 

e  o e  oo    erfero e r  
e or  er e r  e   No e ber 20  

o e e   a a er bea  a o a e   
y a  o e  re u e   ro e e  
 y e  erfor a e  For e a o o o  

a  a e ab a o  a e e - a o   
ab e  ro re e  o a a e e o e  of 

a multi-axis online metrology system with the 
re u re  a o e r  erfor a e  o er a ra e 
of e era  e re   ara e  e e o e  
of a mechatronics control approach was started 
through a collaboration with experts from the 

er y of e  ru e

 NFR S R RE

 e er e a  a a ra e  e e e  o 
increase an estimated 10 to 100 times, dealing 
with data remains one of the major challenges 
of e E S ro e  a  beyo  o e ua  or  
o  e  fra ru ure a  o e o a e ure 
that the new generation of high-resolution 
detectors on the ESRF beamlines can write data 
a  a u  ee  o bu er ora e area    
fro  o e bu er ora e y e  a  o - e 

a a re u o  a  a e a e before e  
the data to central storage systems for further 

ro e  a  a y ar  o e  
sets of computer clusters, based on the latest 
generation of graphics processing units and 
e ra  ro e  u  re e e y  a e bee  

purchased to increase batch-processing capacity 
ur  a  a er e e er e   e o e  

of a a a a y  o are  a e  er o  of silx 
or  e S e  brary for 

e er e a  a  re ea e   brary of 
common algorithms and graphical tools for 
building data analysis applications will facilitate 
the long-term maintenance of applications, 
resulting in an increasing number of applications 
based on silx

o abora e e or  o ue  o  e P o o  
and Neutron Open Science Cloud (PaNOSC 
 oor a e  by e ESRF  ro e  for a a 
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a a y  o are  fo o  a e a e of 
the proposal by the European Commission 
and the project launch on 1 December 2018 
(page 178  PaN S   boo  a  ar o e 

a a a a e e  a  a a er e  a ro  e 
ESFR  P o o  a  Neu ro  Sour e  o er e e  

ree year  o  be  a re e  u e a a 
policies, FAIR data principles, rich metadata, data 

e ar  a a a a y  o eboo  re o e 
er e  for a a a a y  o - er  ar  

trusted data repositories, and training for users 
in the context of the European Open Science 

ou  E S  o o e  a a o o u a o   
e o  e e  ay

e ESRF e  a a Po y e rf fr
a a o y  ro re e  o e e e a o  

phase, with metadata being systematically 
collected on 18 beamlines, including the Cryo-
E  a  ra  a a be  ar e  for 0 year  
Current plans foresee full implementation for 
a  bea e  by e e  of 2020  e r  

er o  of a  e e ro  o eboo  a  re ea e  
to some beamlines for testing before the long 

u o  Fee ba  a  ery o e   e 
e- o boo  be  o ere  a b  e  for ar  
(page 179  e e o e  o ue  ur  e 
long shutdown with the addition of new features 
requested by beamlines and in preparation for 

e r  re ea e of e e- o boo  a  o e  a a  
For  a e  a a or a  a  e e o e  a  
re ea e  e e  a a or a  e a e  e u er 
e er e e a   ro e u or  for o e 

a a a a y  e a oP S R 2 ro e  e  
by ESRF a  PS  e e o e  a ro o y e of a a 
a a y  a  a er e for o a  a  re o e u er  

u  e or  a  a e o e  u  a e er  u y er 
o eboo  er e a  a ro u o -rea y er e 

for er a  u er  

rea e  e or  a  e e   e e o  
optimised data analysis algorithms using 
parallel hardware to handle the increase in data 

ue o e  e e or  a  e e  our e   
number of experiments will produce such large 
data sets that the time to process them will 
by far e ee  e a u o  e  e a  
domains concerned are the imaging beamlines 
(starting with tomography and coherent 

ra o  bu  a o e  e ue  u  a  
er a  a ro o e u ar ry a o ra y  Ne  

area  of re ear  a  e e o e   u e 
data compression and machine learning, and in 

 o e  a or o  o  r a  e e e 
Applied to Photon and Neutron Science was 
or a e  o y  e  a  S F  

 ar  of e o er o  of e  a a o 
F  e ESRF or a e  a or o   e 
F rou  o  F   S e e a  u ry  

Euro e  e or o  e e  a re  ue o  
arou  F  a  u   a a for a  o  e 
ESRF bea e

J.-C. BIASCI, R. DIMPER, C. NEVO, 
P. RAIMONDI, H. REICHERT and J. SUSINI

 Fig. 8: e oub e- ry a  o o ro a or 
ro o y e a  fur er e e o e   20  
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During the last decade, an unprecedented 
surge in high-pressure, high- and low-
temperature research has greatly improved 
our fundamental understanding of materials 

     
breakthroughs have been achieved across 

      
science to physics, chemistry and materials 
research, and extending into biophysics/
biochemistry. In this context, ‘matter at 
extreme pressures and temperatures’ was 
one of the science drivers for the construction 
of the Extremely Brilliant Source (EBS). In 
particular, detailed structural, electronic 
and vibrational studies on much smaller 
sample volumes and much shorter time 
scales will become possible with EBS. Higher 
pressure and temperature states that can 
be generated only in smaller volumes will 

     
heterogeneities will also become accessible, 
down to 100 picoseconds, with a deeper 
understanding of processes such as phase 
transitions and transport under extreme 
conditions.

o a e  a e  e  ro ra e  
an ambitious refurbishment plan is underway at 

e a er a  E re e  E  bea e  S a e-
of- e-ar  e e  e e or   be a e  a  

e ree -ray ra o  ru e  ID06LVP, 
ID15B and ID27 to fully exploit the enhanced 

o o  u  a  erfor  fa  u er e  a a 
collection of high-quality powder and single-
ry a  a a u er e re e o o  

Prior to its full reconstruction, the nuclear 
resonance beamline ID18 will host two unique 
instruments: the nanoscope and spectrograph, 
re u   a  or er-of- a u e ro e e   
of the spatial and energy resolution without 
o ro e o  e o o  u  e e 
e e o e   ea  o a re u o  of e 

bea  o  fro  0 o  o 0 2 ro  e ab  
nuclear resonance scattering experiments in 

e era a a  re ure re e   ara e  a  
featured in this chapter (page 26  e e  

e ro ra  e e o e  by   u a o  et al. 
 ro e e e er y re o u o  fro  0  e  

o 0  e  a o  e y-of- o o - a e  
ea ure e  of a y er ua y  

Se era  or a  a e  are a o fore ee  
at the two X-ray absorption beamlines, BM23 
a  24  BM23 will be re-aligned to a new, 
two-pole wiggler X-ray source and opened to 
u er   a uary 202    e  e -
energy-resolution micro-XAS station equipped 

 a e- ry a  a a y er e ro e er a  
a  o e  S- R F S- S e e  be fu y 
o era o a  

In parallel, ID24  be e re y refurb e  e 
or a  E S-S bra   be o er e  

into a high-brilliance XAS beamline equipped 
with an in-house scanning double-crystal 
monochromator with outstanding angular 
re o u o  e e  bra   ro e a ar ab e 

o  e fro   m  o   a  a ar ab e u  
up to 1014 o o    e ab e fu  E FS 

a a- o e o      e  ru e   
be o e  o u er   a uary 2022  e E S-  
bra  24-E    be e o e  o e-
re o e  o  o 00 o e o  e er e  
including dynamic compression and pulsed 

a e  e  u e  e 24-E  bra  a  
will host the High Power Laser Facility will be 

e ere   Se e ber 2020 a  re u e u er 
o era o   u y 202  

Finally, a major refurbishment of the high-
pressure XRD beamline ID27 is currently in 

ro re  e e  ru e    re-
open in September 2021, will nicely complement 

 a  0 P  e o - re ure 
ra o  bea e  by ro  a o-

fo u  o o ro a  a   bea  
a ab e   e e e  rea e  o o  
u  by ree or er  of a u e  e ab e 

ro e o  e-re o e  u e  o br e e 
a  be ee  a  a  o e o  a er- r e  
y a  o re o  e er e  a a ab e a  
24   ru e   a o ro e -ray 

emission spectroscopy and X-ray imaging 
capabilities to widen the panel of techniques 
o ere  o 2  u er

e e e o  of or  re e e    a er 
can be seen as a tribute to the former storage ring, 

 e e e y er e  e u er o u y for 
ore a  2  year   o a  - ua y  
- ou e a  u er o r bu o  fro  er e 

re ear  e  u  y  e ry a  
geosciences, illustrating the multidisciplinary 

a ure of e E  rou

By combining ultrasonic and XRD measurements 
a  0 P   R  o o  et al  e o ra e 

a  a o a ou  o e - e  re o   
o  e Ear  ore a e bou ary ou  be 
made from subducted oceanic crust (page 20  

 u e o et al. carried out challenging SMS 
e ro o y o   of e a e a  Ear  

lower mantle conditions, showing that this 
magnetic material could be a source of magnetic 
a o a e   e  er or o a o  of e 

18 ESRF

MATTER AT EXTREMES



Earth (page 21  Fro  - ua y e-
ry a  a a o e e   E  y o a et al. 

determined two new forms of silica that are 
ra a y ere  fro  a y o er o  

silica phases (page 23   a o er e a e  
ru ura  u y o u e  a  ,  ae  

et al. determined the outstanding mechanical 
properties of lonsdaleite; a hexagonal lattice 

o a o  of a o  page 24  Fro  a 
combined XRD, SMS and XAS study conducted 
a  ree E  bea e  2   a  2  
Sans et al. robe  e ab y e  a  a ure 
of e o u e o a e of ε-Fe2O3 (page 27  

 24    orbu o  et al. microscopically 
ob er e  e a e a o  of e ferr a e  
HoFe Al7  a ro  a e  e  (page 29  

 e a er- ea  y e  a  2  
 a e  et al. o ere  a ayere  for  of 

single-bonded nitrogen that is solid at ultrahigh 
pressure (page 31  e   Se e o  et al. 
synthesised and characterised in situ two new 
for  of or u  y r e   a  10, 

 e b  ery  u er o u  r a  
e era ure  4   a  0  re e e y  

(page 32  

 a o  o e re e o o  a y  e 
two XAS beamlines, BM23 and ID24, run an 

or a  e ry ro ra e  o e a e  
are e    a er  e o a o  
reactions of organic substrates by non-heme 
ro  a a e  e e  ere e a e  a  e 

e  o a  e er e  by  a o a a 
et al. u  e-re o e  S a  -  
spectroscopies with millisecond resolution 
(page 34  e o o e ry of or er o e  

 b e a  e r- -  F  ere re ea e  
by E FS e ro o y by   o a e o 
(page 36

 e e o  of  o  a  e e 
u er e re e o o   a bra  e  of 
re ear  a  e  a a our of a  ou  be 
a e e   e fu ure  e E  rou  a  u er 
o u y are er a y ea er o o er e 

e e o b e  o ere  by E S

M. MEZOUAR
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Calcium perovskite is the third most abundant mineral in Earth’s lower mantle but its seismic properties are 
relatively poorly constrained. High-pressure experiments have simultaneously measured the crystallographic 
and seismic properties of calcium perovskite. This has revealed that anomalous continent-sized regions sitting 
on the core–mantle boundary could be made from subducted oceanic crust.

e Ear  o er a e  a   e e  fro  
0  o 2   e  be o  e urfa e 

of the planet and contains approximately two-
r  of a  e a e ro  o  Ear  e e 

the dearth of direct samples from the lower 
a e a a ab e for u y  re e  eo y a  

ob er a o  a e ro e  a y  
o  re o e re er o r of e Ear  Se  

anomalies ranging from widespread scatterers 
of 0-20  rou ou  e u er o  o er 

a e o e o a o a  o e - e  
ar e o  e o y ro e  P  a  re e 

on the core–mantle boundary hint that the lower 
a e  o o o a y y e ero e eou  
o e er  o ro e ea fu   o e 
a ure of e ee  Ear  e au e  of e e 
e  ob er a o  u  be e e  e 
o  e y rou e o u e  o e  arefu  

o ar o  of ob er a o  of e  e o e  
with those predicted using mineralogical 

o e  of a er a  a  e o o  of Ear  
ee  er or  bu  u for u a e y e a a ab e 

mineralogical models are simply not yet up to 
e a  

So e of e o  a  o o  fro  
current mineralogical models [1] are well-
constrained seismic properties of calcium 

a e ero e a-P    e o er 
a e  r  o  abu a  a e  o r  

- 0 o  of o o  ro  a e b a e  
e a  rea o  for e a  of a a o  a-P   

e  fro  e u re o erab e a ure of 
ero e- ru ure  aS 3, which undergoes 

spontaneous amorphisation during room-
temperature decompression [2]   be a our 

a  o  o y re e e  a o  a  e a y 
ea ure e  of a-P  bu  a o a ere  

o u e e a o  of  ry a o ra  
ru ure a  a e o o  or   
e ar e o u e re  a  bea e ID06-LVP, 

a  e er e a  ra e y a  e e o e  o 
simultaneously measure the crystal structure 
a  a ou  e o e  of e e ber  a  

-bear  a-P  a e  ea ure e  
ere erfor e  a  re ure- e era ure P  

o o  u  o  Pa a  00  a  ro e 
e   o e a ure of e ee  Ear  

-re o u o  ra o  a er  o e e  
from CaSiO3 and Ca[Si0 0 4]O3 ero e 
o r e  re ou  e e a o  a  a-P   
ub  a   P  o o  o e er  u o  
oo  o roo  e era ure a-P  a e  
ere ob er e  o u er o o e  or o  

symmetry-reducing phase transitions that had 
o  bee  ob er e  before  o urre  e o y 

measurements (Figure 9  o e e  u  
u e-e o u ra o  erfero e ry  re ea e  

these phase transitions are associated with 
ar e a o a e   e a e  e a y  ar e 

e ou  o rea e ob er ab e e o y a o a e  
f ey ere o o ur  a ura  a-P  e 

ob er e  or o  are o e e y a a o ou  
o ar ra o  o  o o ur  a o  

a  o er ero e a er a  e.g. a 3, 
a 3 a or Sr 3 but, until now, these 

phenomena had mostly been ignored in Earth 
S e e

By combining new experimental measurements 
 era ure  P - o u e ea ure e  

an equation-of-state describing cubic-structured 
a-P  a   e era ure a  re ure a  
o ra e  e for a  re  a-P  
e y  o re o a  a  ear ou - a e 
e o e  a  a o  a y a e o o  

Fig. 9: o re o a  a e e o y ea ure e  of a[S 0 0 4]O3 
ero e a    Pa o  a  R e e  re e  a e ara e er  of e 
a e a e bo o  bo  a  a fu o  of e era ure  o  a a e  
re ea  a e ra o  fro  ub e ra o a o o  ru ure



Se  e o e  of aS 3 ero e a  
e a  S P   Ear  o er a e   

 R  o o  a b    r o  b   
 P  ro o  a    oo  a   

N   S er     u r e   
 P  ob o  a  a  S   u  a  Nature 

572  4 - 4  20   
o  0 0 4 -0 - 4 -  

(a) Department of Earth Sciences, 
University College London (UK)
(b) ESRF
(c) Centre for Earth Evolution and 

Dynamics, University of Oslo (Norway)
(d) Bayeriches Geoinstitut, University of 
Bayreuth (Germany)
(e) School of Earth and Environment, 
University of Leeds (UK)

[   S ru e  et al., Geophys. J. Int. 184  0 2  20
[2    u et al., Earth Planet. Sci. Lett  28  20 2  
[   a er et al., Sci. Adv  1  e 00  20
[4    of a  Nature 385  2 22  
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Hematite (Fe2O3), a strongly magnetic mineral, was studied with SMS spectroscopy at temperatures and pressures 
found down to the Earth’s lower mantle. The data show that hematite retains magnetic properties at the depth of 
the transition zone in certain regions and could therefore be a source of magnetic anomalies there.
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a o  a-P  o be robu y or ora e  o 
mineralogical models (Figure 10   ro e ure 

e  e a e ua y of re ou  o e  
for a-P   ere ba e  o  a u a o  a  

re  e o e  -2  er a  e e  
experimentally constrained model [1]  

  a u e ere e  a  a o o  of e 
new parameterisation completely alters the 
interpretation of seismic anomalies from the 
deep lower mantle, especially the possible 
e a a o  of e P    re e  a  
the seismic signature of recycled oceanic 
ru    e r e   a-P  ou  a e 
o er- a -a era e e o e  e o o e of 
re o  u  re ou  o e   e o er 
a e  a o  e P  o be for e  fro  
e  of e e re y e  a er a  a  a  u  o 
e ore a e bou ary  

a e y   re o e  e re u  of 
geodynamics calculations [3] and geochemical 

studies [4]   bo  refer e P  o be 
o - e  e  of ru a  a er a  be au e 

e o  ob er e  e  e o e  fro  e e 
regions matches those predicted for subducted 
o ea  ru a  ro

Fig. 10: e o y of 
ub  a-P  a o  

a mantle adiabatic 
e era ure ro e 

based on the 
thermodynamic 
model from this 
study (coloured 
ur e   
o e e 

er a  
compared with 

e a era e  
e o y ro e of 
e Ear  a e 

(dashed grey 
ur e  a  e 
re ou  e a e  

of a-P  e o y 
along the same 
e era ure ro e 

from [1]  
ur e

e Ear  ru a e bou ary  e 
o oro  o u y  a  bee  

traditionally considered the interface between 
the magnetic crust and the non-magnetic 
mantle [1]   e e a e  e era ure   
the mantle thought to be too high to retain 
a y a e   e o u  era  

o e er  a e e a  aero a e  a a 
ro e e e e for a e  a o a e   

the mantle [2,3], particularly around cooler 
area  u  a  ub u o  o e  e our e of 

e a o a e  re a  ar e y u o  bu  
ro  o e  are o ere  a e y our e ue 

to their high critical temperatures [4]  f e e  
hematite (Fe2O3   e o a  ro  o e a  

e  of arou  00- 00  be o  e Ear  
urfa e  a ra o  o e be ee  e u er 

and the lower mantle [5]

Fig. 11: e er or 
of the Earth and the 
experiment graphically 

u ra e  e b ue 
dotted lines depict 

e a e  e  
urrou  e Ear  

Heated samples of the 
iron oxide hematite were 
pressed between two 
o o e  a o  a  
a  a er- ea e  r  
to simulate the extreme 
o o   e Ear  
a e   a  ob er e  

that the iron oxide is 
magnetic under these 
conditions in certain 
re o  of e Ear  
ra o  o e

© ofey Fe o e o

o e a e e er e a e re a e  
magnetism under lower mantle conditions, 
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Fig. 12: E o u o  of S S e ra of Fe2O3 
o y or   re ure a  e era ure  

a–c) SMS spectra of α-Fe2O3 e a e  
a  4 4  Pa a  a  e era ure  

a e  d–f) Characteristic SMS spectra 
of Fe2O3 high-pressure phases at room 
e era ure a  a  re ure  a e  

e roo - e era ure S S e ru  of 
the Rd2O3 - ru ure ι-Fe2O3 consists of 
a single magnetic component, while both 

e or e  ero e- ru ure ζ-Fe2O3 
a  e o - ero e- ru ure η-Fe2O3 

ay o bauer o o e   o e 
magnetically ordered (cyan in (e) a  ar  
red in (f)  a  o e o - a e  ye o   
(e) and light green in (f)

It was found that hematite retains magnetism 
a  re ure  orre o  o e Ear  
ra o  o e a  re a e y o  e era ure  
u  a  o e fou  a  ub u o  o e  a  
ay au e ee  a e  a o a e  e 

e era ure ro e  of ro - e o  of e 
Ear  ub u o  o e  ere a u a e  a  
a ba  of o e   e e  Pa  re o  a  

o ere  o a e a e e era ure  o  
e ou  for e a e o re a  ferro a e

 u e  a  e Ear  a e  
o  be a  a e a y a e a  re ou y 
o ere  a  ou  a o a e a o  

for a eo a e  a e  a o a e   
e ba  of ee  a e e  ro   e e  

Pa  re o  orre a e  o e of e referre  
a  of e eo a e  o e  ur  re er a  

u   a  ou  a ear  ro  re or  ue 
to the presence of magnetic sources 
u  a  e a e  e ra o  o e  

ra er a  re e  e rea  eo e ry of 
e a e  e  ur  re er a  e 

potential deep magnetic sources can 
o r bu e o e a  ob er e  o  e 
urfa e a   ou  be a e  o 

a ou  e  a a y  Ear  a e e 
geomagnetic data, and especially in 
studies of planetary bodies with only an 
a e  y a o  u  a  ar

samples of synthetic hematite in single 
crystal and powdered form were compressed 

 a o  a  e  a  a er- ea e  o e 
extreme pressures and temperatures found in 

e e  of e a e   u  o 0 Pa a  
00  re e e y Figure 11  Sy ro ro  

bauer Sour e S S  e ro o y a  e  
carried out at beamline ID18 o e a e e 
magnetic transitions and critical temperatures 
of the hematite and its high-pressure phases 
(Figure 12  S S a o  e e a o  of 
magnetism in situ at high pressures and high 
e era ure  e of e a a a e  of u  

SMS spectroscopy on laser-heated materials 
is that the temperature of the sample can 
be a u a e  fro  a y o e e  bauer 

e ra  a  a  a  er a  er o e er  
o ro e a a uab e ba -u  o e era ure 

ea ure e  a e  a  e a e urfa e



PRESS RE P RP S F ES E R N  
 NE  NS  N  E P E  F S E 
E S N E R S N ER R

               
  P                 

understand the properties of silicate liquids and glasses at high pressures.

23HIGHLIGHTS 2019

o e  of ro e e  o  ee -Ear  
liquids requires information on their structures 
a  o re o  e a  o e er  

o e e of e o a  ru ure  of a e  a  
silica (SiO2  e  a  ee - a e o o  
a  of e r e a o  e a   

 e   o  e o  o ob a  
a structural model of non-crystalline silica 

a er a   o o are or  e er e a  
total scattering data with the pair distribution 
fu o  of o  ry a e a e  So far  o 
crystalline phases that could describe features of 

e o a  a er  a a of a a or a e 
a  a  a  ro e  of e  a   re ure 

are o

S e- ry a  -ray ra o   a o  a  
cells was applied in order to study SiO2 phases, 
which appear on compression of coesite, and 

e r - re ure be a our u  o re ure  
o er 0 Pa  e e er e  ere erfor e  a  
beamline ID09A (now ID15B   re ure  abo e 
20 a  2  Pa  e ru ura  ra for a o  
o oe e-  a  oe e-  re e e y  ere 

ob er e  [1]   o re o  beyo  a  
0 Pa  a e  e  of re e o  a fe  

the presence of a new triclinic (space group 
P-  a e   a  a e  oe e-  o  
fur er o re o  e re e o  of oe e-

  a  a e  r  a e rou  P-  
a e  oe e-  e er e  bo e 0 Pa  o y 

oe e-  a  fou  e ru ure of oe e-  
possesses tetra-, penta- and hexa-coordinated 

o  e ru ure of oe e-  a a  o y 
penta- and hexa-coordinated silicon (Figure 13  

e ru ure  of oe e-  a  oe e-  
may be considered as a three-dimensional 
fra e or  of fa e- a  e e- ar  o a e ra 

 e e y a e  e  by S  and SiO4 
 oe e-  or o y S   oe e-  

polyhedra (Figure 13  e re e e of fa e-
ar  o a e ra  e ru ura  e e e  e er 

ob er e  or e e  e e e   a  a e  or 
a e  brea  Pau  r  ru e  e re u  

Fig. 13: ry a  ru ure  of oe e-  a  oe e-  Po y e ra  o e  
of e ru ure  of oe e-  (a) a  oe e-  (b) (SiO6 octahedra are 

brown, SiO  polyhedra are green; SiO4 e ra e ra are b ue  c) A fragment 
of e ru ure  ar for bo  oe e-  a  oe e  o  a  

fra e or  of S 6 o a e ra

Fig. 14: Pair distribution functions of silica and silicate 
a e  So  ur e  re re e  a r r bu o  fu o  

calculated for silica polymorphs and silicates compared 
 o e for ba a  a  a a  ea ure  a  ere  

pressures: (a)  e ra e fro  2  o  Pa  (b) in the 
ra e fro   o 0 Pa
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           P     
                 

of lonsdaleite was found to be lower than that of diamond but may be higher in a possible lonsdaleite/diamond 
biphase.

u e  a  o b e a e u   Ear  
o er a e ay a e o e  ru ure  

a  e  ore o re b e o are  o 
re ou y o ere  o e

It was found that pair distribution functions 
a u a e  for oe e-  a  oe e-  ee  

closely reproduce experimental data reported 
recently for compressed silica glass and molten 
basalt [2,3] (Figure 14  oreo er  abo e 4  Pa 

e e e  of oe e-  a  -   e 
uncertainty of measurements coincide with the 

e y of a a  e e ob er a o  are 
strong arguments in support of analogous atomic 
arrangements in compressed silica glass (and 

o e  ba a  a   oe e-  or oe e-  e 
re e e of u o e o a  ru ura  e e e  
e S  polyhedra and face-sharing octahedra 
 e a e e  ou  a e e rea e  e r 

e y a  e e  ore or a y  au e  e 
ro   e r bu  ou  e o y by abou  0  
 a 00- Pa re ure ra e  f a e u  

with such properties are present in the lower 
a e  ey ou  be e a y e e ab e

Natural and synthetic diamonds show 
e rea e  o  ar e  a  o e  

o re b y   a re e e of ar ou  
ru ura  efe  u  a  a  fau  a  
er- ro  e e a  ro y a e  e 

mechanical and optical properties of diamonds 
[1]  Rare a e  ob a e  u er e a  
conditions, such as diamonds formed within 

e eor e  a  e r a  ra er  a e 
exceptional importance for the understanding 
of diamond properties and can shed light 
o  a o  e e  a  a o  are 
associated with a lonsdaleite phase (a 

e a o a  a e o a o  ou  o ay 
a fundamental role in the graphite-to-diamond 
transformation under extreme conditions and an 

or a  ar er of e eor e a  [2]

Recent calculations predicted that pure 
o a e e ay a e a ar e bu  o u u  a  

greater hardness than diamond [3]  a  
it a unique object for further theoretical and 

e er e a  u e  o e er  ue o e 
absence of pure lonsdaleite crystals, these 

ro er e  a e e er bee  e o ra e  
by e er e a  u e  u er a b e  a
or - re ure o o  o a e e-r  
impact diamonds with a record concentration of 

e a o a  a e ere o ere   e Po a  
a  ra er fou   4   Nor er  S ber a  

Samples from this impact crater were the focus 
of e a e  ru ura  e a o

According to early transmission electron 
microscopy data, Popigai impact diamonds can 
be e r be  a  a ure of - 0  o a  
of graphite, cubic and hexagonal diamonds 

 a  e y of a  fau  u  o e 
er 0  a  ro-  [4]  ua  a  
a o  ry a e  e era    e  fro  

Popigai showed good homogeneity and a large 
a ou  u  o 0-40   of e e a o a  
lonsdaleite phase mixed with cubic diamond 
and graphite sequences [5,6]  e a e  ere 
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o re e   a a o  a  e  u  o 2  Pa 
and XRD patterns were obtained on beamline 
ID15B (Figure 15a

 o ra   re ou  eore a  
re o   a  fou  a  e bu  o u u  

of lonsdaleite is systematically lower and equal 
o - 00  of a  of a o   ab o u e 
a ue   e ua  40 2  Pa a  4  Pa for 

ere  a e   ere  or o o e  
Figure 15b o  e refere e bu  o u u  
for bu  a o   444  Pa  e o a e e 
compressibility is smaller in comparison with 
that of diamond and depends upon the length 
of er ro  a  re a e or e a o  of e 

a o  a  o a e e a e

e R  e er e a  a a ere a o a e  
by density functional theory simulations, 

 re ea e  e o b e oe e e of a 
u ber of a o o a e e a  a o  

twin biphases with unique nanomechanical 
ro er e   Figure 16 illustrates, among the 

ere  o ura o  e ara e u o  of 
o e o a e e 00  a e er four a o  

 e o ra e e o e  e er y er arbo  
a o  u e  a fa ourab e for a o  of 

e- ayer o a e e 00  fra e  er e  
 e a o  a r  a u a o  a  o er 

XRD experiments indicate these biphases could 

Fig. 15: a) - re ure ba rou - ub ra e  -ray ry a  
ra o  a er  ra a  ee  of 2  a e  of a o a e e-

r  a e a  0  Pa e  a  4 Pa r  ob a e  a   
u  a a o  a  e  λ  0 4   b) Pressure-dependent 

a o  o u e  for a a o  a r  e a e  fro  ua  
ra o  e  of     a  220  a  o a e e 

er ro  e a e  fro  002  ra o  e

Fig. 16: a) Fro  o  o bo o  eore a  bu  o u  P  P E P  e e  of eory  of 00 L D 
(structural model presented in (e)  00 L 2 D (structural model presented in (d)  00 L D 

(structural model presented in (c)  00 L 4 D (structural model presented in (b)  o a e e  a o  D twin, 
D  D - 2 L  D 00 L  D 00 L  a  D 00 L b a e

be for e  u er - re ure o o  
Following the 2nd-order Birch-Murnaghan 
equation of state, it was calculated that inclusions 
of a e 00  o a e e a e be ee  four 

a o   a e  ea  o e o e -e er y 
b a e  e e  bu  o u u   e e  

rea er a  a  of r e a o

e re u  a re  or a  ue o  abou  
e e e e of e ure o a e e a e  

It seems that hexagonal lonsdaleite can occur 
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Spectrographic imaging with visible light has been known since the invention of Newton’s prism. In the hard X-ray 
domain, this approach is hampered by the constraints of X-ray optics. Here, the principles of spectrographic 
imaging have been applied to hard X-ray spectroscopy, improving the energy resolution by an order of magnitude 
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only as intergrowths with cubic diamond and 
 o  fou  a  a  ua  ry a  Fur er 

experimental and theoretical studies of the 

ra e- o- a o  ra o  ou  a e 
into account only such intergrowths and not 

ua  o a e e a e

In hard X-ray spectroscopy, the monochromators 
a  a a y er  or  a  arro -ba  er  
eliminating photons of all energies other than 

e e re  o e    a roa  a y 
attempt to narrow the energy bandwidths 
o ro e e e er y re o u o  e ab y 

re u e  e e y   brea rou  o u o  
to this problem would be to complement 
hard X-ray spectroscopy with the principles 
of spectrographic imaging, widely used in a 

a  e ra  ra e fro  frare  ra a o  o 
o  -ray   e ro ra  ee  ra a o  

components of all energies, dispersing the 
o our  a a y  o e ue y  e e er y 

re o u o   ro e  by e e   
o o e   a e  erea  e a a ab y of 

a  e e o o e  ee  e e re e y

For b e  e o e  of e ro ra  
imaging – dispersion of radiation components 

 ar ou  e er e   a e  a  bee  o  
e Ne o  e  u  for ar  -ray  o a  

r  a  o e o a  ra o  ra  
are o  e e  Ne er e e  e r e  of 

e a u ar er o  of ar  -ray  are o  
[1]  ey re y o  e a u ar er o  of 

-ray   ra  ra o  by a y e r a y 
u  ry a  o b e   fo u  o  

 re u   er  -ray  of ere  
energies in space, and using the entire beam 
in all spatial coordinates in parallel, which 

re er e  e o a  e y  Su  a e e a  
now been applied to hard X-ray spectroscopy in 
re e  e er e  a  e ESRF

Fig. 17: Principles 
of a hard X-ray 

e ro ra   
a) e a  e e e  

of the spectrograph, 
comprising three 

silicon crystals that 
ro e a u ar 

dispersion of X-rays 
 ar ou  e er e  

and a focusing 
o ou  refra e 

e  R  b) e 
energy distributions 

of X-ray components 
selected by a  

20 - e  a  
e a e  er a  
positions, and the 

energy distribution 
of an entire beam 
measured without 

the slit (the spectral 
window of the 

e ro ra
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Spectrographic hard X-ray imaging was 
demonstrated at beamline ID18 in measurements 
of the density of phonon states by nuclear 

e a  a er  u  4 4 2  e  o o  
corresponding to the energy of the nuclear 
resonance of the Fe o o e  e ey e e e  
of the hard X-ray spectrograph are shown in 
Figure 17a  e er o   ro e  by e 
second and the third silicon crystals in the 

y a y e r  2 2 2  re e o  e r  
silicon crystal is used to maintain the exit beam 

 e or o a  re o  a ro a e y  a  
e o rea  u ayer rror o  o  

a ure   re e y  e o ou  refra e 
e  fo u e  ra a o  o o e   ere  
e er e  o ere  er a  oor a e  ro  

e a a  er o  S e e ra a o  
o o e  of ar ou  e er e  are e ara e   

space, the scheme allows for measurements of the 
e y of a e   e era  e a  or ere  
a e   ara e  be e  fro  e ro e  

e er y re o u o  a  o er e  e y  

Figure 17b shows the energy distributions 
of -ray o o e  e e e  by a 20 -

e  a  e a e  er a  o o  
and the energy distribution of an entire beam 

ea ure  ou  e  e ea ure e  
ou  e  e e  e e ra  o  

of e e ro ra   a u e y a  
   a e  20  e ea ure e  
e e e er y re o u o  of e e ro ra  

Figure 17b shows that the spectral window of 
e e ro ra   0 e  a  e e er y 

re o u o   abou  00 e   o are  e  

 e be  re o u o  of Ra a  e ro o y  
Furthermore, it is about an order of magnitude 
better than the typical resolution of presently 
employed hard X-ray inelastic scattering 

e ro e er  For u ear e a  a er  
o e er  ro  e e er y re o u o   

easier as the method does not require energy 
a a y er  a  o e u  re o u o

Figure 18 demonstrates spectrographic imaging 
in the measurement of the density of phonon 
states in α- ro  e ro e  e er y re o u o  
re ea  a o a ou  o  o e  Figure 18  a 

re ou y u o  e o e o  of  a rea y 
e e e y u e  y e  o a  a a 
show that this phenomenon is intrinsic to an 
ideal lattice of α-iron, and cannot be attributed 
to possible imperfections such as impurities, 
grain boundaries, dislocations, texture, and 

a e  o a  a  P au b y  e ob er e  
anomalous dynamics is related to anharmonic 
e e  a or a e o-e a  a e

Fig. 18: Anomalous 
o  y a  of 

α- ro  e re u e  
density of phonon 

a e  re u e  S  
E E2  y o e 

points are shown 
where the systematic 
uncertainty related to 
the subtraction of the 
e a  ea   e  a  

e y bo  e  e 
error bars indicate the 

a a  u er a y  
e a a a  o e 

a  e a e e er e  
are er e  fro  
the corresponding 
parts of the inelastic 

e ru  e b a  
or o a  e o  
e ebye e e   e 

expected contribution 
to the reduced DOS 
from the acoustic 

o e  e e e a o  
of the reduced DOS 
abo e  e re ea  
a  a o a ou  o  
dynamics of α- ro

N E N  E E R F EPS N Fe2O3 
N ER E RE E N NS

This work presents a joint experimental and theoretical characterisation of the structural, electronic and 
magnetic behaviour of ε-Fe2O3 under extreme conditions. This study showed a volume collapse at 27 GPa, which 
is associated with a spin-crossover and an increase of coordination of the initial tetrahedrally coordinated iron, 
leading to a new ε’-phase.

Iron sesquioxides (Fe2O3  a e a ra e  rea  
a e o   e r e ere  o y or  
found at ambient conditions, each of them 
re ea  ere  a  e  ro er e  [1]  

e e o  a e   ar u ar  a  e b e  

ara ou  a e  ro er e  a  oer y  
a  a  re e y bee  fou   ba a  ro  a  
a nanomineral [2]  e a er o ery ay 
re ea  a  e re e e of  a er a   e 
Ear  er or  u ere a e  o e er   
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material should be stable at extreme conditions 
of re ure a  e era ure   a e a  

re ou y o ere  a  a  er e a e 
product of the transformation between the 
metastable beta and gamma phases and the 
thermodynamically stable alpha phase, which 
e  o  a   ab y ra e a  oor  

e ε-Fe2O3 is considered unique because it 
crystallises in an orthorhombic structure formed 
by four polyhedral units: a regular octahedron, 
two  distorted  octahedral  units  and  a  regular 
tetrahedron (Figure 19  e re  a  a o 
because it is the only ordered iron sesquioxide 
polymorph  that  contains  crystallographic  iron 
in tetrahedral coordination in absence of oxygen 

a a e  

-ray ra o  R  a  bea e ID27 
(Figure 19b  a  e e e  -ray ab or o  

e ru ure E FS  e ro o y a  bea e 
BM23 (Figure 19d  ere arr e  ou  u er 

re ure u  a a o  a  e   or er o 
describe the local structure around Fe atoms 
of the ε-Fe2O3 a e  e r  re u  a  

e ar e ru ura  ab y ra e ob er e  
u  o 2  Pa  o ra  e re ou  

a u o  abou   o ou   ee  
analysis of the structural compressibility of 

 a e o  a re ure- u e  o u e 
o a e abo e 2  Pa  a y a o a e  o a 

- ro o er  o b  e er e a  a  
eore a  re u   o u e o a e a  be 

explained by the increase of coordination of the 

Fig. 19: Scheme of the 
ere  e er e a  

and theoretical proofs 
ro e  a) SMS of  

ε -Fe2O3 o e e  abo e 
 Pa  e r a  

pressure, (i.e.  a er 
e o u e o a e  
b) -ray ra o  

pattern of ε-Fe2O3 at 
 Pa  c) eore a y 

simulated phonon 
er o  ur e of 

ε-Fe2O3 a  2  Pa a  
00  d) EXAFS signals 

and its Fourier transform 
before a  a er e 

r a  re ure  Centre: 
Structure of the ε-Fe2O3 

o ou

initial tetrahedrally coordinated independent 
iron towards a strongly distorted octahedron (or 

 oor a o   or o   e r be  
by the ab initio theoretical simulations and 
re e e   e rea e of e ebye- a er 
fa or a o a e   e re ou y e ra e ra  
ro  Sy ro ro  bauer e ro o y 
S S  arr e  ou  a  bea e ID18 corroborates 

e rea e of oor a o  of e re ou y 
tetrahedral iron and shows that this new 
arrangement is coherent with a high-spin-to-
intermediate-spin transition (Figure 19a  o  
ob er e  re ou y  a y b ary ro  o e 
counterparts but reported in pentacoordinated 
iron in complex compounds [3]  u  e -
ro o er ra o  re o b e for e o u e 
o a e a  e ru ura  e a  r   
a e bee  e e  Figure 20   ra o  

allowed the high-pressure phase to be assigned to 
a new polymorph of the iron sesquioxide, named 
ε -Fe2O3  Fur er ore  ε-Fe2O3 was also found to 
be y a a y ab e a  2  Pa a  00  by 
ab initio theoretical simulations (Figure 19c  by 

e ab e e of a ary or o  o e   
might indicate that this compound is stable at 

e Ear  er or o o  

In conclusion, the structural, electronic and 
a e  be a our of ε-Fe2O3 was probed 

u er o re o  for e r  e   ree 
ere  e er e a  e ue  arr e  ou  

a  ree ere  bea e  o b e   ab 
initio eore a  a u a o   a  ob er e  



S ab y a  a ure of e o u e o a e 
of ε-Fe2O3 under extreme conditions,  

 Sa  a   o e e uro b   
 arbar o b      
 era o a b   uar ero b e   
 o e b   r fu e f   u o   

a   Po e u  
Nat. Commun. 9  4 4 20   
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induce phase transitions that provide quantitative information on the strength of these interactions. Studies of 
the rotations of the individual magnetic moments in the ferrimagnet HoFe5Al7     
and above the compensation point.
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that ε-Fe2O3 is stable under extreme conditions 
of pressure and temperature, and therefore the 

re e e of  a er a   e Ear  er or 
ou  be u ere a e

Fig. 20: S e  of e ru ura  a e  
u e   e - ro o er ra o

Intermetallic compounds based on rare-
earth (R  a  ra o - e a  T  e e e  
especially those from the 3d group, are 

or a  ar - a e  a er a  ey 
combine large magnetic anisotropies 
typical of the rare-earth elements with 
high magnetic ordering temperatures 
typical of the 3d e e e  er a  
the intrinsic magnetic properties of the 
R-T materials is thus of fundamental and 

ra a  or a e

Ferr a e  a  be u e  ery e e e y 
by macroscopic techniques, such as 
magnetisation measurements, as external 

a e  e  a e  e ferr a e  
ru ure  ro  re  ua a e 

information on the exchange interactions 
a  a e o ry a e a o ro y  

o e er  e u e of  a roa   e  

Fig. 21: Fe -e e ab or o  a   e ra  a) 
Normalised absorption and (b) or o or a  ba e   
(c) below and (d) abo e e o e a o  e era ure  

o  ra  a a  b a  e  re o ru o  of e a a 
u  e e ra  o o e  o  a  a e  area  

ree  Fe ub a e  ora e  o ub a e



Microscopic Nature of the First-Order Field-
u e  P a e ra o   e S ro y 

Anisotropic Ferrimagnet HoFe Al7,  
  orbu o  a   S ro  b   
 S  e r ue   P  a  er e  e  
 Pe er e  f  N   u o    

E   Ro e fe    Pe e    
 a o  e   o a a  a   
  ree    
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straightforward for many real systems due to 
a ro ou e  e - u e  o o ear y of 

a e  o e   a  for a ro o  
e ue a  fo o  e e o u o  of e 

a e  ru ure rou  e - u e  
a e ra o  o e er  e re  of 
e u er y  era o  a e  u  a 

ro o  u y a e

e ub e  of e re e  e a o   e 
strongly anisotropic ferrimagnet HoFe Al7 

e ra o a  ry a  ru ure  a  o  a e -
u e  a e ra o  a  abou  20  a  2  

for e  a e  a o  e ea y a e a o  
direction, [110] [1]  -ray a e  r u ar 

ro   e er e  ere arr e  
out at ID24 in transmission in pulsed magnetic 

e  u  o 0  For e er re a o  of e 
data, it was noted that the spectral shape is 
a consequence of a mutually induced signal 
arising from the other magnetic constituent, i.e., 
the induced signal at the T site is proportional 

to the magnetisation of the R system and 
e er a  S u ar- a ue e o o o  [2] 

o r e  a  e a a are ee  e r be  
by an orthogonal base of two dominating 
spectral components representing the R and T 
o r bu o

Figure 21 shows the normalised Fe K-edge 
absorption, the orthonormal base to reconstruct 
the original data, XMCD spectra at selected 

e  a ue  be o  a  abo e e o e a o  
o    a  a re o ru o  u  a ear 
o b a o  of e o a  Fe o o e  e 

bu  a e a o  of oFe Al7 at 11 K shows 
a r -or er ra o  be ee  4 a    
(Figure 22     o ra o  a  be 
re o e  be ee   a    a  be ee   
a    e e - e e e  Fe- a  o-
sublattice magnetisations inferred from the 
XMCD data both rotate at the phase transition 
a    ereby e Fe a e a o  re er e  

  bo e e o e a o  e era ure  
the Ho moment starts to increase continuously 
abo e   re er   a  abou    For e 
Fe moment, two small hysteresis loops open 
a  arou  0 a  2   o o a   e 
be  a  e e  of e re er a  of e o 

a e a o

e a a a    o  a  e ro a o  of e 
Fe and Ho moments proceeds from the easy 
[110] direction to another easy direction in the 
basal plane, [1-10], as the projection of the 

o a e  o e  o o e e  re o  
decreases, whereas the projection of the Fe 

a e  o e  a e   a  e ra o  
e a o a  e - u e  ra o  ob er e  

abo e e o e a o  e era ure a  be 
explained by the fact that the Ho-sublattice 
magnetisation is no longer rigid, as the applied 

e  a  a a  e o-Fe o e u ar e  
  e era ure ra e  o e  of e 

ua  ub a e a e a o  a o e  
the determination of the in-plane anisotropy 
constant, K  0  3, close to the ground 

a e   u y ro e  e r  ro o  
insight into the magnetisation process of a 
strongly anisotropic ferrimagnet in pulsed 

a e  e

Fig. 22: u  a e a o  a  e  er a e of e (a),(b) magnetisation 
and (c),(d) e  e e e e  of e a u e  of e Fe- e ree  a  o- e 

ora e  o o e  be o  a  abo e e o e a o  e era ure  e  
y bo  a  a e  e  r  e  fu  y bo  a  e  e rea  e
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N R EN S   R  PRESS RE

Pure molecular nitrogen was investigated to its most extreme conditions yet reached through static compression: 
244 GPa and 3300 K. At this pressure and temperature, it was found to transform into a new polymeric single-
bonded state comprised of two layers of interconnected N6 chains, challenging previous experimental and 
theoretical results.
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er e a  20 year  ure o  ro e  a  
bee  e e e y u e  o o re e  e 
pressure-induced transformations in simple 

o e u ar y e  a  o ro e  o 
a e ab e o y ro e  arra e e   N-r  
o ou  re e a  a   e er y e y 
a er a  e a e a ra  of ro e  ay  

a re ar ab e o y or  o r   
crystalline phases and a single amorphous phase 
[1]  o a e  by a o  o e u ar a e  
(N2  be o  0 Pa  e ry a  e ry of 
nitrogen radically changes at higher pressures 
and brings forth a new realm of interatomic 

era o  ere o y er  e or  of e-
bo e  N-N arra e e  re a   of o  
only two single-bonded nitrogen arrangements 

a e bee  e er e a y o ere  a e y 
ub - au e o y er  ro e  -N  a  
ayere  o y er  ro e  P-N   e 

crystal structure of LP-N still a subject of 
debate [2]    a  o   eore a  

e a o   re  a e array of 
e o  e-bo e  a e  ee  be ee  

 Pa a  2  Pa   o y-N ru ure  ere 
a u a e  o a e a  e a y ere e of o y 

a fe  e  of e   o ar o   e o  
stable phase [3]  Re ar ab y  e e o a y 
of these extended single-bonded forms of dense 

ro e  ou  e o e  re ure fro   2  
to 3D N10 u era o  

In the present study, pure nitrogen was 
ro re e y o re e  a  a er- ea e  o 

rea  re ou y u a a e  a  re ure  of 
244 Pa a  e era ure  of 00  o r  

re ou  e er e  ro e  a  fou  o 
become completely opaque and amorphous 
abo e 0 Pa [4]  S o   Figure 23, laser-

ea  e a e o 2 00  a  2  Pa y e e  a 
partial transformation into a transparent phase, 
a o er o  a  a  o e e  u o  fur er 

ea  o 00  a  244 Pa  e ru ura  
ara er a o  of  a e a  a e e  by 

o er -ray ra o  a  e ESRF bea e 
ID27 and, combined with Raman spectroscopy 
measurements and density functional theory 

F  a u a o  a e  o y er  ro e  
o  a  u e e  e o e  o ou  

structure was shown to adopt a tetragonal 
lattice (P42bc a e rou  o o e  of o 
distinct layers of interconnected N6 hexagonal 
rings – hence coined as the hexagonal layered 

o y er  ro e  P-N  a e Figure 24  
In this arrangement, each N atom is bonded to 

ree o er N a o   bo  e  ary  
be ee  0-   a  2  Pa    y a  
of N-N e bo

Fig. 23: Microphotographs of the pure nitrogen sample (a) u er re e o  
 a  22  Pa before ea  (b) u er ra o   a  2  Pa a er 

heating to 2800 K and (c) u er ra o   a  244 Pa a er ea  
o 00  d) e a  re e e  of a  e ra e  -ray ra o  a er  

re or e  a   Pa fo o  e y e  of e P-N a e a  244 Pa a  
 e o re o  e  e e  of e e er e a y ob er e  ra o  
ea  are ar e  e ra  -ray ra o  a e  o  abo e a  e 
ra o  o  of e u ra  P-N a e a  ea y be er e  fro  

e Re a e  o er e

Fig. 24: a) HLP-N tetragonal (P42bc a e rou  ry a  ru ure a  
2  Pa   e e  N-N bo  e  ar e  For ar y  
the inner surface of the N6 e a o   e   a  ree  a e  

b) u e u  e  of e P-N o  ere e e a  ayere  
nature of the N6 r  a   ear y ee



S PER N     N R  
HYDRIDE 10

Hexagonal layered polymeric nitrogen 
a e y e e  ear 2 0 Pa   
 a e  a b   e e e a   
 e  a   e ouar  a   

P  oubeyre a   
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              C 
hydride superconductor, ThH10, with the experimental TC of 161 K at a pressure of 175 GPa. This is one of the highest 
critical temperatures that has been achieved experimentally and a step closer to attaining room-temperature 
superconductivity.

or  o re ou  F  a u a o  erfor e  
at 0 K, the LP-N phase is thermodynamically 
fa oure  fro   Pa o 2  Pa   e 

P-N a e ra  be  by e  of e
atom [3]   e e e a y a u a o  are 
performed at 0 K, a correction to account for 
the experimental synthesis at 3300 K was here 
computed but still yielded the HLP-N phase 
e er e a y a a a eou  o are  o 

e P-N a e by e ar a  a ue of abou  
2 e a o   re u  u e  a  F  

calculations with a higher degree of precision 
are needed in order for the theory to match 

the experiments or that, under these pressure-
e era ure o o  a a  a a o  

barrier impedes a transformation towards 
the LP-N phase and instead promotes the 
e er e a  y e  of e P-N o  

 e a o  e e  e o o  
assumption of an increasingly simple structural 
a  e a  be a our o o a y  
pressure, as the complexity of the phase 
diagram of nitrogen is here unambiguously 
demonstrated to extend from its molecular state 

o  o y er  for  a   re ure

y ro e   e r  e  a  
most common chemical element in the 

er e   ay  a rea  ro e  u r a  
chemistry, energetics, space technology and 
e ro e a  ro e  e re e  ra a  

ro re  of u er o u y o re or  r a  
e era ure  C  2 0-2    ue o e 

properties of atomic hydrogen enclosed in a 
e a  ub a e  e ra o  of o e u ar 

hydrogen to the metallic atomic phase at high 

re ure  a  a u a e  for e r  e  
 [1]  a er   a  ro o e  a  y ro e -

rich compounds with properties similar to pure 
atomic metallic hydrogen, might form at lower 
pressures when hydrogen is combined with 
other elements [2]  e e e a  o ou  
which possess an excess of hydrogen, can only 
be y e e  a   re ure  ey ay 
rea  e - C u er o u y re ou y 

re e  for a e a  for  of ure y ro e   

Fig. 25: a) Le Bail 
re e e  of  

Fm–3m- 10 and 
bcc-  a   Pa  

b) Pressure-dependent 
ar a o  of e er e a  

XRD patterns of  
Fm–3m- 10 in the range 

of  Pa



Su er o u y a     or u  
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Roo - e era ure u er o u y a  
been an unattainable dream and subject 
of e u a e u o  for a o  e  

o e er  e eore a  re o  of a -
temperature superconductor H3S [3], followed 
by e er e a  o r a o  [4], has opened 
a new chapter in high-pressure physics – the 

u y of u er o u  y r e  S e e  
a y e  y r e  a e bee  re e  a  

synthesised, e.g. LaH10 with critical temperature 
2 0 2 0  [5], YH6 and YH    C = 226 K and 
243 K [6]  e e re u  e  o a  e er e a  

e a o  of e -  y e   a e  o 
y e  ub  10, which was predicted 
o be a re ar ab e - C superconductor [7]  

o e a e e o b e for a o  of 
or u  y r e  ree 0- ro  u e  
a o -a  e  ere re are  oa e  by 

a metal piece of thorium in ammonia borane 
 e a  a  o re e  o  Pa  

Experimental high-temperature synthesis and 
-ray ra o  R  ea ure e  ere 

performed at beamline ID27   or  a er 
ea  u e 200 00  a  a o a e  

by the dissociation of ammonia borane, which 
leads to the generation of hydrogen with 
subsequent synthesis of higher hydrides, as 

a  r  e o ra e   e y e  of a 10 

[5a]   a re u  a o  ure ub  10 was 
ob a e   e a o  a  e  Figure 25  

o ea ure e ra or  ro er e  of e 
a e  a e a  e   a o  a  a  

four a u e e ro e  a  re are   - ro -
 or u  a e a  a e  be ee  

e e e ro e  a    e a e  o e  e 
re ure  e e  a  rea e  o  Pa  

Heating of the sample led to the emergence of a 
clear and sharp drop in the electrical resistance 
o ero a    e u er o u  
a ure of e ra o  a  er e  by  
e e e e o  e e er a  a e  e   
e ra e 0   Figure 26

ur   e er e  o o e  -
C superconductors, Fm–3m- 10 and new  

P63/mmc-  ere y e e  o r  
ear er eore a  re o  ba e  o  F  
methods [7]  10 has a unique combination 
of  u er o u  C   a   Pa  
a r a  a e  e  of 4   a  o er bou  
of ab y of  Pa    far e  a  

a  of o er - C y r e  e e re u  
 a e a ro  a  o  e u er a  

of high-pressure chemistry of metal hydrides, 
aiding attempts to attain room-temperature 
u er o u y

Fig. 26: Synthesis of 
10 in a diamond 

a  e  R  a er  
dependence of 
electrical resistance 
of the sample on 
temperature and 
e er a  a e  e
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Time-resolved X-ray absorption (XAS) and UV-Vis spectroscopies with millisecond resolution were used 
simultaneously to investigate oxidation reactions of organic substrates by non-heme iron activated species. It 

                  
(milliseconds and above) can be determined by the time-resolved XAS technique.

An important challenge in modern chemistry 
re e   u o er  e ru ura  e o u o  
of e e  o e   fa  e a  rea o  
where characteristic time scales range from 
the seconds to the milliseconds and below, and 

 e e o  e  e er e a  ra e e  o 
u y e rea y of u  er e a e   

 u y  e-re o e  e er y- er e 
-ray ab or o  e ro o y E S  a  -

 e ro o y ere o b e  o e a e 
the oxidation reactions of organic substrates 
by a e e e  o - e e ro  a a e  e e  
P eu o r -or er e  o a  re a e  
to fast bimolecular reactions in solution were 
ob a e  by e e-re o e  S e ue  

e re ear  a  fo u e  o  u e a  a o o  
oxidation by the oxo-complex [N4Py•Fe O]2+, 

er  fro  e ro o y a  o - e e 
iron complex [N4Py•FeII]2+ (N4Py=N,N-bis(2-

yr y e y -N-b 2- yr y e y a e  
e ou e  S -  a roa  a  e oye  

at beamline ID24 to follow the oxidation 
of be y  a o o  o be a e y e a  e 
o a o  of a er e  of oa o e  ere y 
substituted in the para position of the aromatic 
ring, to the corresponding methylphenyl 
u fo e  e o a  [N4Py•Fe O]2+ was 

prepared in situ, under experimental conditions 
a rea y e a e  a e ara e  S -   
technique in a pioneering study [1], and all 
reactions were carried out under pseudo-

r -or er o o   ar u ar  e ra e 
of e ro -o a o - a e e o u o  ur  
each reaction was determined by following 

e re a e Fe -e e e er y   e e-
re o e  S e ra  e a ue  for e e  
o a  ob a e  by S ere  ery oo  

agreement with those obtained by means of the 
o o a  -  e e o

Figure 27a o  e e o u o  of e Fe -e e 
or a e  e-re o e  E S e ra re a e 

to the oxidation of PhCH2OH by [N4Py•Fe O]2+ 
a  e e e  e  fro  rea o  ar  e NES 

e ra o  a  of e Fe -e e o o  
o ar  o er e er y a ue   a or a e 

with the reduction of Fe  to FeII throughout the 
ro e  Figure 27b  e ar a o  

of E0 ur  e rea o  ere E0 is the 
ere e be ee  e -e e e er y o o  

of the XANES spectra at time t and the edge 
o o  of e r  NES e ru  a    0  

o e e er e a  e ay a  e   e 
fo o  e ua o  b ue ur e

E0(t   [E0(i   E0(f e–kt + E0(f

where k  e rea o  e  o a   a 
a ue of 0   0 0  -1

Figure 27c o  e -  e ro o o e r  
data recorded simultaneously on the same 
rea o  ure  e ab orba e ar a o  

Fig. 27: Oxidation 
of PhCH2OH by 

[N4Py•Fe 2+ 
followed using the 

ou e  S -  
e ue  a) e 

e o u o  of e NES 
spectra (colours 

correspond to selected 
times from the reaction 

ar  e e   a e  
(b)   a a o  

of Fe K-edge region 
 o   e e  
b) E0 vs e  e 

b ue ur e er e  
fro  a r -or er 
e  rea e  of 

e er e a  o  
c) -  o or  

of [N4Py•Fe 2+ 
(downward triangles 

at λ  0  a  
[N4Py•FeII]2+(upward 

triangles at 
λ    ur  

e rea o  ue 
a  re  ur e  er e 

fro  a r -or er 
e  rea e  of 

e er e a  o



ou e  -ray ab or o  
monitoring of fast oxidation reactions 

o  a o - e e ro o o o e   
 a o a a a  F  Se a a  F  a a  a  

 o e b   o a  S  Pa are  b  
 a a u a a  S   S efa o a  a   

P  e o a  J. Am. Chem. Soc. 141, 
22 -2 04 20   

doi: 0 02 a b0
(a) Department of Chemistry, University La 
Sapienza, Rome (Italy). 
(b) ESRF

[   o et al., J. Phys. Chem. Lett. 8  2 -2  20
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a  0   ue o e 
decrease in concentration 
of [N4Py•Fe O]2+, while the 
concentration increase of 
the [N4Py•FeII]2+ species 
determines the contemporary 
absorbance increase at 

  e r -or er e  
o  re  a  b ue ur e  

ro e  e  o a  
identical to those determined 
from the EDXAS spectra 
(Figure 28

e S e ue ro e  
ua a e a ue  of e 

e  o a  of fa   
the millisecond to second 

e a e  b o e u ar 
e a  rea o   o u o  
e e re u  re ea  S 
e ro o y a  a  o a e 

oo  for e e a o  of fa  
complex chemical processes 

o  e o a o  of a 
metal centre, where the use of 
other experimental techniques 

ou  be o b e

Fig. 28: e e o u o  of e 
Fe K-edge EDXAS spectra of the 

reactions between (a) MeOPhSMe, 
(b) PhSMe and (c) CNPhSMe with 
[N4Py•Fe 2+   a  a e  e 

e  o a  e er e  a 
EDXAS were in good agreement 

with the k a ue  ea ure  
rou  -  a   era ure 

a a  e  a a o  of Fe 
K-edge regions are shown in the 

insets (colours correspond to 
selected times from the reaction 

ar  e e   r  a e  
R  E0 vs e  ue ur e  

ere er e  fro  a r -or er 
e  rea e  of E S 

e er e a  o
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Bimetallic metal-organic frameworks (MOFs) constitute a next generation of MOF materials, adding one more 
               

to determine the exact stoichiometry of CexZr6-x   66       
leading to an explanation of the physical properties of the material.

e a  e r- -  F  ro e o be 
ro  a er a  for ar ou  a a y  

redox applications, representing, together with 
other multimetallic MOFs, a new generation of 
porous structures (Figure 29a  ou  e a  
ub u o   ere  F   e y u e  

in the literature, no direct proof for the existence 
of e - e a  or er o e   -fa y F  

a  bee  re e e  o far  e or er o e   
mixed-metal compounds are usually assumed to 
be either pure or truly bimetallic (Figures 29b-c  

o e er  e e e a y ere  a e  a e 
e er bee  e a e  a ou   o  

is crucial for rationalising the properties and 
o e a  a a o  of e a er a

o a re   rob e  -ray ab or o  
e ro o y S  a a a  e r -  e - 

and Ce L3-absorption edges were collected 
at beamlines BM23 and BM31 for a series of 
bimetallic CexZr6-x- -  F  e 3-edge 

-ray ab or o  ear-e e ru ure NES  
a a o r e  e 4  o a o  a e of e 
e re   a  e u e  r e- -  F  
o e er  NES e ra of a  e o ou  

were almost identical at all studied edges, 
 a e  u  o ra  a y ru ura  

o u o  fro  e   e a e e  e a  
r -e e E FS a a o e  ery ro ou e  

ere e  be ee  e e r- -  F  
 ere  e o e  Figures 29d-e  e 

ob er e  e e e e of e E FS e ra o  
e o e  ay be ua a e y e a e  by 

the preferential formation of CeZr  clusters, 
accompanied by pure Zr6 or Ce6 cornerstones 
in the proportion dictated by the total 
stoichiometry of the sample (Figure 30a   
implies a coexistence of CeZr  and Zr6 clusters 
for e o e  o er a   a    
and a mixture of CeZr  and Ce6 for higher Ce 
oa  

A hypothesis about the preferential formation 
of CeZr  or er o e  u  for ar  a er 

ua a e a a y  of e E FS a a  a  
e e  by ua a e E FS  a  e r 

a  e -e e   0 E FS a a e  e 
a  ea  e e  ere e  o e er  ea  
o e a u a o  of a oba  R-fa or  e  

was done respecting the physical constraints 
for era o  a e  a  ebye- a er 
factors and resulted in excellent agreement 
with the experimental data (Figure 30b  u  
o r  e ro o e  ru ura  o e

Fig. 29: a) r  e  of e r- -  F ru ure  e o b y of S o u  
be ee  e e ye o  a  r b ue  a o   e or er o e  b-c) Representation of possible mixed-

metal CexZr6-x- -  ru ure   ure (b) and bimetallic (c) or er o e  d-e) Close-up of the 
e a e a  a er  ea   e o u u  of o - a e- orre e  Four er ra for  of 3-weighted 

E FS a a o e e  a  r a  e -e e  for e ure a  e - e a  -  F  Pa e  (a) courtesy of 
 o a e o  Pa e  (b-e) are a a e  fro  e r a  ub a o



Exact Stoichiometry of CexZr6–x 
or er o e   e - e a  -  
e a r a  Fra e or  Re ea e  by 

Extended X-ray Absorption Fine Structure 
S e ro o y    o a e o a   

 a ob e  b    u ae    
 or   F  o o  S  or a  

N  S o  b  a   a ber  e  J. Am. 

Chem. Soc. 140  -  20   
o  0 02 a b 0 4

(a) ESRF
(b) Institut für Anorganische Chemie, 
Christian-Albrechts-Universität, Kiel 
(Germany)
(c) The Smart Materials Research Institute, 
Southern Federal University, Rostov-on-

Don (Russia)
(d) Department of Chemistry, NIS 
interdepartmental Center and INSTM 
Reference Center, University of Turin (Italy)
(e) Department of Physics, INSTM Reference 
Center and CrisDi Interdepartmental Centre 
for Crystallography, University of Turin 
(Italy)

[   a er  et al., Dalton Trans. 46  242 -242  20
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e refere a  for a o  of e r  
cornerstones explains the trends in the stability 
of b e a  -  F   ere  e 
o e  re or e  re ou y [1]  ee  e 

at low Ce loadings stability decreases linearly 
with the increase of Ce content, at around 
20   ab e  a  e a ue ob er e  for 

Fig. 30: a) Dependence of the abundance of Zr6, CeZr  and Ce6 or er o e  o  e o e  b) Re u  of e E FS  
based on the model from panel (a)  E er e a  a a are o  a  e r e  e  ur e  are re e e  a  fu  e   
r r o r bu o  b ue  e e o r bu o  ye o  r e a  e r o r bu o  ree  For e - e a  F  e u  

of e o o r bu o   o   b a  o o  a e  u ar e e or er o e o o o  e oye  for  e 
e ra of ea  a e  Pa e  (b)  a a e  fro  e r a  ub a o

ure e- -  F  or  o urre  
EXAFS analysis, this coincides with the 
disappearance of pure Zr6 cornerstones, which, 
due to lower disorder and higher stability 
compared to Ce6 and CeZr  cornerstones, 
increases the decomposition temperature of 

e a er a
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As will no doubt be described – and rightfully 
celebrated – elsewhere in this edition of the 
ESRF Highlights, the 6 December 2019 saw 

       
Brilliant Source (EBS) storage ring. As well 
as being a key milestone on the road to 

       
high-energy, fourth-generation synchrotron 
source, this achievement has also increased 
the pulse-rates of the ESRF’s beamline 
scientists. There is now, literally, light at the 
end of the tunnel, and we can start looking 
forward to the recommissioning of our 
facilities and, in August 2020, to welcoming 
back our external user community. 

As with the construction and commissioning of 
EBS, the recommissioning of the beamlines in 
or er a  ey a e be  a a a e of o -
E S -ray bea  a  a e  arefu  a  

o e er  20  a  o  bee  e   
 our fee  u  a   rea y  e o o e a  

bee  e a e  e a or rea o  for   a  
a y of e ESRF  S ru ura  o o y fa e  

are be  refurb e rebu  a  u  e or  
has been, and continues to be, expended to 
e ure a  e  fu o a y  be a a ab e 
a  oo  a  o b e a er e re ar  of u er 
o era o  E a e  of e a y urre y 
a  a e u e a  a o  e re rebu  

of the BioSAXS beamline BM29, a major 
refurbishment – carried out in collaboration 

 e E  re ob e ou a o   of e 
completely automatic MASSIF-1 beamline, and 
incremental upgrades to the MASSIF-3, ID30B  
and ID23-1 e - a o   ar  of e e 
rebu refurb e  e  e e or  for 

2  a  2 -  a e bee  or ere  a  
 be a e   2020  oreo er  a bra -

e  fa y for e-re o e  y ro ro  
serial crystallography (EBSL8   o  be  
constructed on the ID29 or  ere  ro re  
has been excellent – at time of writing, the 
experimental hutches for the new beamline were 
being assembled in the Chartreuse extension 
of the Experimental Hall and the project is well 
o  ra  o e o e  r  u er   a e 202  

e e refurb e re e a  a e  a e 
been supplemented by continuing progress in 

e o are e e o e  a o a e   our 
bea e  u E  a   oS S e u a e  
BsxCuBE3, the latest, web-based, incarnations 
of our beamline control user interfaces, will be 
rea y for e oy e  a  e e e  
during the beamline recommissioning period, 
as will Exi2, the new interface to the ISPyB 
e er e  ra  a aba e  o  a e  
are being carried out as part of the European-

wide MXCuBE and ISPyB collaborations, in which 
e ESRF o ue  o ay a ery a e ro e

e e e u a a ab y of  -ray-ba e  
bea e   20  S ru ura  o o y a  

e ESRF a  bee  far fro  a u er- e  o e  
e CM01 cryo-electron microscope (cryo-

E  fa y a  o era e  a  fu   ur  
the EBS shutdown, while the in crystallo 
o a  e ro o y S  abora ory  e 
replacement of the Cryobench facility, relocated 
and upgraded as part of the EBSL8 project, 

a  re o o e   ear y 20  a  a  
welcomed many user experiments throughout 

e year  e a e  o 0   urre y 
limited to projects for which a suitable sample 
preparation can be demonstrated, we hope 
oo  o be ab e o o er fu  er e  ro o o  

including mail-in access to the sample 
screening and optimisation microscopes of the 
Partnership for Structural Biology (PSB  
cryo-EM platform located at the Institute de 

o o e S ru ura e   e  a  ro  a  
entry point to electron microscopy for scientists 

 o  or ery e  a e  o E  fa e  
e be e e a   e ea our  ro e a 
e  ara  a   e e ua y a o  e 

wider ESRF user community access to other 
ru e  a  u  e array of e a  

a for  a a ab e  e PS  

External user research based on data collected at 
our facilities before the EBS shutdown continues 
o fee  rou  o ub a o  ere  e re e  

a snapshot chosen from many potential high-
a  e a e   u ber of ar e  re e e  

here describe the results of studies where cryo-
E  o e  o b e   -ray ry a o ra y 
and other techniques, has shed light on 

e e a  o e   fu a e a  
biological processes (e.g.  ba ra  ur  
errors in gene expression by RNA polymerase 

b e aree  et al., page 60  e N  re e o  
and ejection mechanisms of bacteriophages 

uer o et al., page 56  o  a  o o e  
o o  u a  a a e  Ra  Pa e  a  

u re u a e  R  a a a a a aba  et 
al., page 47  e e u a o  of e ar e ure 
and molecular mechanism of the adenylyl 
y a e  ro e  o e   et al., page 43  

a o  of e ue a ru  ra r o -
replication machinery (Kouba et al., page 53  
or ro  u a e  e  o e o et al., 
page 59

Se era  of e abo e- e o e  u e  ro e 
 o o b e a e ue  for e e e o e  

of era eu  ra e e  o o ba  ea e   
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  a o e a e for a y of e o er ar e  
re e e  ere   fo u  ar ou y  o  e 
o e u ar ba  of P R ar a o o y ar e 

et al., page 41  e e a o  of a e  a  
of inhibitors targeting Phosphoinositide-3-

a e γ, a potential target for immune-oncology 
a a ara et al., page 46  e o ery of 

a euro o  a  e e e y ar e  o u oe  
a  ra  a ar a  a   ay ro e 

a  e ro e a y fr e y a roa  for 
a  a ar a o rera  et al., page 50  

e e e o e  of a  a roa  for e e-
u a o  of a ru  u e   e rea e  

of multiple sclerosis (Bertrand et al., page 51  
and the elucidation of the structure of a receptor 

o e   e for a o  of eura  e or  
 ou  ea  o e e e o e  of e  

rea e  for a er ara  et al., page 49

 a er a o  e o ery of e 
true biological role of the Kiwellin proteins, which 
are e au a e  of u a  a er y o e  
fru  ere    o  a  ey are a ua y a  
defence proteins against pathogenic fungi, and 

a  ey ou  er e a  o e a  a a e  for 
agricultural biotechnology applications, helping 
to guarantee food security (Han et al., page 40  
Also demonstrated here is the mechanism used 
by ya oba er a for e e  arbo  a o  

ur  o o y e  a  et al., page 44  
a  e  a  e o ery of a  u a a e  
a y e ry a  ro e  a e a  for 
o e  ab y o e ru e N  oo  ur  

mitotic chromosome assembly (Hassler et al., 
page 54  F a y  e ry a  ru ure  of e 
a a y  SP o a  are a o e

e e o  a  e o e y e  a o   
o o er  a e  u  ro  a o e a  
rou e o e e e o e  of e  b or  
for use in the treatment of cancers (Sauer et al., 
page 57

e o e you e oy rea  e e e o  of 
 re e e  ere a  are oo  

forward to seeing you all at our beamlines in 
u u  e  e E S a e ure a  a y be  
 ear e  for our e er a  u er o u y

G. LEONARD AND 
 C. MUELLER-DIECKMANN

STRUCTURAL BIOLOGY
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biological role as plant defence proteins against pathogenic fungi. It further shows that kiwellins are conserved 
among various agricultural crops and might serve as potential candidates for agricultural biotechnology 
applications.
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Fu a  a o e  au e ar e o e   e e 
most important crops, with impact growing 
yearly [1]  o  e e  u  fu  o u e 
one of the largest classes of biotrophic 
pathogens infecting mostly economically 
important grasses [2]  ea  of  e r 
hosts, biotrophic pathogens establish an 

a e re a o   a  ea y re y o  
e ab y of e r o  a  S u e  o  

Ustilago maydis a e  a e - ara er e  
model organism for biotrophic pathogenic 

e e o e  a e o  a  e fe o  
ro e   u e  by e e or ro e  e re e  

by e a o e  o e a e a  a  
modulate the host metabolism and suppress 
immune reactions [3]

e e re e  or a e u a e  u   a 
e - u e  ro e  a e  e y o a  of 
e o  e  ere  o er  or a e o 

prephenate [4]   o er o  e   ar  of e 
a e a ay ea  o e ro u o  of 

e er yro e a  e y a a e or ry o a  
 a  or a e a o er e  a  a re ur or 

for salicylic acid, a plant hormone important 
for systemic defence against pathogens 
(Figure 31a  e ou e ee  or a e 
mutases such as Aro7p are allosterically 
re u a e  by e er yro e e y a a e 
or ry o a  u  a   a o er  
re u a o  a  o a y o er  or a e 
o re e a e  ereby re e  ro u o  

of salicylic acid (Figures 31a and 31b  [4]  
e ry a  ru ure of U. maydis Cmu1 was 

determined at ID23-1 and clearly shows that the 
allosteric loop found in other such mutases is 
re a e  by a  e e e oo  re o  E R  u  

re e  a o er  re u a o  Figure 31b

e re e e of a  u re u a e  e e or ro e  
raised the question of whether counteracting 

ra e e  a e bee  e e o e  by e a  
to minimise the metabolic chaos caused by 

u  ere y  o- u o re a o  
 y a e  of fe e  a e ea e  a a y e  by 
a  e ro e ry re ea e  e re e e of a 

ro e  b  o u   a  e o ra e  
a   e re e  a e ro e  be o  o e 

e  a  b  o a  e e e y b  

Fig. 31: e fu a  e e or u  a u a e  e 
a e a ay  a e a   ar e e  by 

a e  ro e  a) e e abo e or a e 
er e  for b o y e  of a y  a  a  or a  

u e a  for a  ree  a e  e fu u  
e re e  e ru e e e e or u  o e a  

e e y e o er  or a e o re e a e a  
re e  ro u o  of a y  a  u  u re  
e a  u e re o e re  a e  b) Aro7p and 

u  are a o er e  fo  o e er  e a er 
a  e oo  e e a  for a o er  re u a o  of 

Aro7p by the amino acids tryptophan, phenylalanine 
a  yro e  c) o o e u e  of Zm  re e o  

e E R  a  e a e e  of e u  er a  
b o  ub ra e e ry



 e  ar  e e abo  a y of 
a e re e  fu a  ru e e fa or   

 a  a  F  e oer b   S e e  b  
 ebe e  b   S u a er b f   
 a er  P   a ar aro b   
 a e  a  S  Re  e   

S  Re a  a  R  a a  a  a    
 a e b  Nature 565 4  0-  

20  o  0 0 4 -0 -0 -
(a) Department of Organismic Interactions, 

Max Planck Institute for Terrestrial 
Microbiology, Marburg (Germany)
(b) Philipps-University Marburg, Center 
for Synthetic Microbiology (SYNMIKRO) 
and Department of Chemistry, Marburg 
(Germany)
(c) Facility for Mass Spectrometry 
and Proteomics, Max Planck Institute 
for Terrestrial Microbiology, Marburg 
(Germany)

(d) Faculty of Biology, Philipps-University, 
Marburg (Germany) 
(e) BIOSS Centre for Biological Signalling 
Studies, University of Freiburg (Germany) 
(f) Present address: Max Planck Institute 
of Molecular Cell Biology and Genetics, 
Dresden, (Germany)
(g) Present address: Gregor Mendel Institute 
(GMI), Austrian Academy of Sciences, 
Vienna Biocenter (Austria)

[    F er et al., Nature 484  - 4 20 2
[2   uo et al., Annu. Rev. Phytopathol  57  4 -4 0 20
[   a er et al., Nat. Rev. Microbiol  15  40 -42  20
[4   a e  et al., Nature 478  -  20
[   a au  et al., J. Struct. Biol  187  2 -2  20 4
[   a burr  et al., Protein J. 24  42 -42  200
[   R  er a  et al., J. Agric. Food Chem. 63  -  20

N ERS N N  E E R S S F R 
P R P R

X-ray crystallography reveals why G protein-coupled receptors (GPCRs) in the active state have higher 
              P    

good targets for drug development, increased understanding of their molecular mechanisms could 
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u  a y  e ry a  ru ure of u  
in complex with Zm  a  e  e er e  
also at ID23-1, and the molecular mechanism of 
Cmu1 inhibition by Zm  a  u  re ea e  

o o e u e  of Zm  re e o  e u  
er a  re y b o  ub ra e a e  o 

e a e e Figure 31c  e era o   
e a e  by e era  oo  o  Zm   

protrude from its central β-barrel and interact 
with the ELR on Cmu1 – a region allowing the 
e e or o u   fro  ou e ee  

or a e u a e  

 ore orou  e o  of e e  a  
re ea e  a broa  o er a o  a o  ar ou  

o o o  o  a  fu   20 e  
ara o  re e   e a e e o e a o e  
e e e r broa  o er a o  e  

had so far only been recognised as human 
a er e  e  o a e  re y fro   fru  
[5-7]  a e  o e er   e o ra e  a  

e  be o  o a broa y r bu e  a  
of a  efe e ro e  a  ereby e r  
insights into the biological function of a human 
a er e

 ro e - ou e  re e or  are e ra  
membrane proteins that form the largest family 
of receptors in the human body, comprising 
o er 00 ere  y e  a  are a a e  by 
a wide range of agonists, including hormones, 

euro ra er  o  a  e e  o o  of 
 a o  of P R   a ey e   e 

ro e  of e  e  e r e ro e  a  
responding to chemical cues secreted by other 
e  a  ou  be o  e o er e of e bo y  

e o a  ro e a  P R  ay  er e u ar 
o u a o  a e  e  ea  ru  ar e  

a  4  of S F -a ro e  a  o e u e 
ru  ar e  P R  e.g.  be a b o er  a -
y er e e  a  rea e  for a a a  

ra e  

 ar  of  fo u  o  ru  e e o e   
 e e a  o u er a  bo  o  P R  

function and the molecular basis for their 
ar a o o y  e ar u ar y e a  

ob er a o  a  a  e   ro e  ou e 
o e ra e u ar e of e P R  e  e 

a y of a  a o  rea e    o  a  
e a o  a y  o e er  e rea e 
 a o  a y u o   ro e  ou   o  

a ay  e a e for ere  a  ar e  
the same receptor and there is no correlation 
be ee  a  e a y o  e e  a a   

 a a  a re e or  a  e a o  a y 
 u o   ro e  ou  

In order to determine the molecular basis 
for e a o  a y  u o   ro e  



o e u ar ba  for -a y a o  
b   P R   ar e a   
P   E ar  a   S  or  b   

  e e a  a    a e a  Science 
364  -  20   

o  0 2 e e aau

(a) MRC Laboratory of Molecular Biology, 
Cambridge (UK)
(b) Sosei Heptares, Cambridge (UK)

[   ar e et al., Nature 469  24 -244 20
[2    e a a r a  et al., Nature 536  4 4-4  20
[   F o  et al., Nature 524  -  20
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coupling, the β1-adrenoceptor (β1 R  a  u e  
a  a o e  P R  e ru ure  of e a e 
state of β1 R a  re ou y bee  e er e  
by X-ray crystallography when bound to four 

ere  a  [1]: isoprenaline, dobutamine, 
salbutamol and cyanopindolol (listed in order of 

e rea  e a y   e urre  or  -ray 
crystallography was carried out on beamlines 
ID23-2, ID29, ID30B, and MASSIF-3 to determine 
the crystal structures of β1AR bound to the 
same ligands but with β1 R o e  o a  a e 

a e rou  e u e of a  ro e  e  

a obo e  Nb 0 a  Nb  o ar o  
of e a  b  o e  o e  a   
e ery a e  e e a  a a er o u e  e 
a e- a e ru ure  e  o are  o e 

a e a e bou  o e a e a   
led to a decrease in the length of hydrogen 
bo  a  a  er aa  a e  a  e e  
for a bu a o  o a a  rea e  

e u ber of a -re e or era o   
o b a o  of a y of e e e e  ou  be 

e e e  o rea e e a y of e a  
o e er  e a e   e a -re e or 

distances were not identical for each ligand 
(Figure 32  e a  e ar e  ere e  
ob er e   bo  e a o  a y  a  

 e a y  ere e   e ru ure  of e 
extracellular regions also suggested why some 

a  ou  be a e a  ar a  a o  ra er 
a  fu  a o

P R  are a y o er e  fa y of ro e  
 o er e  e a  of a a o  

ra u o  of a  o  ro e  [2] and 
a o er e  e a  of a a o  of e  

ro e  e e e  [3]  u  o er e ber  
of e P R u erfa y are e y o a o 

o  a o ra o  of e b  o e  u o  
 ro e - ou  Figure 33   ou  be 

or a   ru  o ery  e  o re  
o  e e  a o ou  ay be  a a  

ra e u ar a ay  a   ro e e e  
a  e e e o e  of e ere  a e  of 

P R  for  ru ure  are o  a a ab e

Fig. 32: S ru ure of a  a e a e of β1 R   o ar o  e re  of β1AR 
 a  a e a e ra bo  o ora o  a  a  a e a e rey   e 
a or o for a o a  a e  o  arro  S ru ure  of e a  o-

crystallised with β1AR are depicted with the interacting amino acid residues 
o our- o e  a or  o e re o  of e re e or e ra  a e  a  

re ue   e ra e u ar oo  2 o   rey  e e of e r e  re re e  
the maximum magnitude of decrease in atomic distance between the side chain 

a  a  e  a e a  a e a e ru ure  are o are

Fig. 33: Cartoon depicting the mechanism of agonist 
a y rea e  β1 R u o   ro e  ou  

e a e a e R  ra o  o a  er e a e 
a e R  u o  b  a  a o  b ue e a o  
with only minor changes to the structure of the 
a  b  o e  o  b  rea e  e 

robab y of ra o  o a  a e a e R   
a  o e e  y o a  e  a  a o   ro e  

b  o  ou  of a e ero r er   ro e  
αβγ  e b  o e  r  arou  e a  

 rea e  a  a y



E N  E R E RE N  
E R E N S  F E E R NE 

EN  SE  PR E N P E
Membrane adenylyl cyclases are key components of the cellular signaling machinery. Cryo-electron microscopy 
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One of the major pathways of communication 
be ee  e e  a  e r e ro e   

e y  a e o e o o o a e P  
pathway [1]   a  re ay o  of 
e era  ey ar   e  ro e - ou e  

re e or  or P R   e e ero r er   
ro e  abγ  a   e e e or  a e y y  
y a e  e re e or  re o e a ar e ar e y 

of a  u  a  or o e  or ru  a  are 
a a e  by e  o  re e or a a o  e 

 ro e  ubu  b  o e a a e  re e or  
o a e  a  e re ea e  α a  bγ subunits 

e  ra  e a  o o e or ore e e or 
ro e  e y y  y a e  e ey e e or 

of this signaling cascade, which catalyses the 
ro u o  of a e o  e e er  o e u e  

P  fro  e P [2]  e P o e u e  
in turn regulate a plethora of physiological 

ro e e   ea  a  ea e a a u ber of 
o rea  ar e  u  a  ro e  a e  or 
y  u eo e a e  o  a e

Cryo-EM was used to produce a 3D reconstruction 
of the complex between a full-length membrane 
a e y y  y a e  bou  o e u a ory 

αs protein subunit, at a near-atomic resolution 
of 4  Figure 34  e ru ure re ea e  for 

e r  e e ar e ure of e fu - e  
adenylyl cyclase, including its membrane-
spanning region, the helical domain and the 
complete catalytic domain that interacts 

 a  Fur er ore   -re o u o  
structure captured a state of the protein in 

 e y o o  - er u  of  b o e  
e a e e of e e y e  e b o e a  

e er e  o r e  a   a e of  
re e  e o er ro u o  of P a  

may represent an important auto-inhibitory 
e a  ro e  e e  fro  e e e 

P ro u o  a a o e e  a  e ryo-
electron microscope CM01 helped to determine 

e ru ure of e ru a e  for  of e αs-
bou   a   - er u  2 0  
in the presence of a nucleotide analogue and a 

a  o e u e a a or  for o  Figure 35  
  re o ru o  ro e  e or a  

u or  e e e for e ro o e   au o-
re u a ory e a

 or  ro e  or a   o 
the molecular architecture and mechanisms 

Fig. 34:  ryo-E  e y a  of e - αs complex (a) made it possible 
to build the complete molecular model of the complex (b)  re ea   ey 

ru ura  e e e  e ra e bra e o a  bu e  e e a  
o a   e a a y  o a  of  2a  a  e αs protein 

α  e e y a  a  o e  e e e  orre o  o  a  e 
α  ro e  are o oure  ora e a  ree  re e e y  e er e  a  

u a e  ro e  e y are o oure  rey

Fig. 35: a-b) e arra e e  of e  a o a   e o u e  
a e   ora e  a   e u eo e- a  for o -bou  

a e 2 0- F  b ue  ba e  o  e orre o  ryo-E  ru ure  
S ru ura  a e  a  erfor e  u  e 2a o a  e re a e 

a o a  a e e   a e  by a o e  arro  e 2b o a  
is indicated as a cartoon coloured yellow in (b)



 P SE SEP R N F R S  
R N  R S E ENES S N 
N ER

            
photosynthesis. Assembly of these organelles is not well understood. Crystal structures obtained at the ESRF 
helped in understanding how the adapter protein CcmM concentrates Rubisco into a dynamic, liquid-like network.

e ru ure of a e bra e a e y y  
y a e bou  o a  a a e  u a ory 
 ro e    a b  S  Sorre o  
 e a a  a    or o  a b  

Science 364  - 4 20   
o  0 2 e e aa 0

(a) Institute of Biochemistry, ETH Zurich 
(Switzerland)
(b) Laboratory of Biomolecular Research, 
Division of Biology and Chemistry, Paul 
Scherrer Institute, Villigen (Switzerland)
(c) Institute of Biochemistry, University of 

Zurich (Switzerland)
(d) Department of Life Sciences and the 
National Institute for Biotechnology in the 
Negev, Ben Gurion University of the Negev, 
Beer-Sheva (Israel)

[    e     ob a  Annu. Rev. Biochem  87  -  20
[2    a     oo er  Pharmacol. Ther  172  - 0 20
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of adenylyl cyclases, bringing a deeper 
understanding of how the primary signals 
re e e  by e re e or  a  e e  urfa e are 

e o e  by e a  ra u o  a ery  
e a e y y  y a e  are y e a y 

re e a  a  P o u a o  u er e  e 

action of drugs in a number of diseases, including 
Par o  ra e  a a  y er e o  
e  e  o e ru ure a  fu o  
of adenylyl cyclases will be crucial for future 
e or   e e o e  of o e  era e  a  
a  o  e e or a  e bra e e y e

Essentially all organic material on earth is the 
product of photosynthesis, the process that 
channels the energy from sunlight into the 

a o  of arbo  fro  a o er  arbo  
dioxide (CO2  ya oba er a are re or e  
o be e r  or a  o  Ear  o  2 
a o y e  ro u  o o y e  a  

o ay a ou  for 0  of or e 2 
a o  e ey e y e erfor  arbo  
a o   Rub o R bu o e- -b o a e 

arbo y a e o y e a e  a 20 a o e  
of e  ar e Rb  a  e  a  Rb S  
ubu  Rub o a a y e  e arbo y a o  

of e - arbo  u ar ub ra e r bu o e-
-b o a e  o e er  e e y e  

ra er e e   a o  ur o er ra e 
a  e  e e y for 2 er u  2  o 
o er o e  rob e  ya oba er a a e 
e o e  a 2-concentrating mechanism 

 by e ue er  Rub o o e er  
e e y e arbo  a y ra e  o 

ro o ar e  a e  arbo y o e  
 er e  o e era e  e e  of 2 

 e y of Rub o  u  a o  
ya oba er a o u e e  e e e Rub o  
a  are 0 e  fa er a  e e y e  of 

a  a  Sub a a  a   ro u y 
ou  be a e e  by ra a  fu o  

carboxysomes into the chloroplasts of crop 
a

arbo y o e  re e b e ra e u ar ru e  
with a highly symmetric proteinaceous shell, 
a  a e bee  a e  o α and β based 
o  e y e of Rub o ey e a u a e  
During β-carboxysome biogenesis, Rubisco 

r  a re a e  e a e  by e ro e  
 fo o e  by e  for a o  ere are 

Fig. 36: er ay of e ry a  ru ure  
of e o e  SS  o u e of  

from Synechococcus elongatus P 42 
 a e a  a  e a  ubu  of 

Rub o  Rb S  ree



Rubisco condensate formation by CcmM in 
β- arbo y o e b o e e   a  a   

 a  a   er a   ra er a   
N   N uye  b    ee b  

  o  b    Pr e b  F   ar  a  
a   ayer- ar  a  Nature 566, 131 
20  o  0 0 4 -0 -0 0-

(a) Max Planck Institute of Biochemistry, 

Martinsried (Germany)
(b) The Australian National University, 
Canberra (Australia)

[   S  E e   S  ber  Photosynth. Res. 109  -20 20
[2    Rae et al  rob o  Mol. Biol. Rev. 77  -  20
[    erfe    R  e  Curr. Opin. Plant Biol. 31  -  20
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Fig. 37: Model of 
e Rub o-SS  

complex showing 
a hypothetical 
alternating 
arrangement of 
four SS  o u e  

a e a  bou  
 e e   o  

An enlargement of 
the boxed region 
shows the residues 
in helix α2 of the 
bou  SS   

a e r a  a -
bridges with residues 
of RbcL-A, RbcS and 
Rb -  of Rub otwo isoforms of CcmM in the cyanobacterium 

Synechococcus elongatus P  42  e fu -
e  ro e  a o a e   o a  a -

e o a  fo o e  by ree a  ubu - e 
SS  o u e  a  a e 2  e ue e e y 
o Rb S of Rub o   a er ofor  a e  

 o  o y of e ree SS  o u e   
had been speculated that these domains might 
re a e Rb S ubu  ereby  Rub o 
o e e  o a  e or  [1-3]  

ry a  ru ure  of e SS  o u e ere 
o e   -ray ra o  a a o e e  a  

beamlines ID23-2 and ID30A-1, and showed 
a  e SS  ba bo e ee  re e b e  

Rubisco small subunits (Figure 36   ur r  
feature was the presence of an intramolecular 

u e bo  be ee  o er e  y e e 
re ue  u e  o b e re o  re u a o  

oreo er  e SS  ru ure o e  a or  
helical insertion, α2, in place of the A-B loop in 
RbcS (Figure 36  o e a  b  a ay  

e o ra e  a  Rub o a re a o  by  
required the fully-assembled Rubisco and did 

o  o ur  a e b y er e a e  a  
Rb S  Re u e   a  arou  e e  ore 
e e   b  a  e o e  ro e  

  o e   Rub o a re a o  
o urr   e re u  e ro e  of e 
cytosol, whereas the interior of the carboxysome 

 o  Fur er a a y  by uore e e 
re o ery a er o ob ea  FR P  o e  

a   u e  e a e e ara o  of 
Rub o o a u - e e or   a  

ore y a  u er o  o o  
Pre e o  of u e-bo  for a o  in vivo 
resulted in abnormal carboxysomes, a ~20-fold 

increase in CO2 requirement and about a 4-fold 
slower growth rate of mutant cyanobacteria, 
u or  e e  a  re o -re u a o   
e SS  o u e  r a  for arbo y o e 

b o e e  a  fu o

e o e u ar or a a o  of e -Rub o 
e or   u  ro e  a  a a y e  

by ryo-e e ro  ro o y  e ru ure of 
e -Rub o o e  a  2   re o u o  

re ea e  four a r  of y e ry-e u a e  
SS  b  e  a  e e ua or of Rub o 
(Figure 37  ere y  e y e ry-re a e  
b  e  o er a  o a  o y a a u  
of four SS  o u e  a  o  o rary o e 
ear er o e  e SS  o u e  o o  a e 
RbcS but in fact require the presence of RbcS for 
binding, with critical contacts mediated by the 
helix α2 of SS  Figure 37   e a  
e ure  a  o y Rub o o oe y e  

a a e  o arbo y o e

a e  o e er  e  u e  a o e  
  Rub o a   for  a u - e  

phase-separated condensate into which other 
arbo y o e o o e  a  e a e  o  

e  for a o  re e  e ry of re u  
agents, the interior of the carboxysome 
becomes oxidising and renders the Rubisco-

 era o  ore y a  e a a 
show why the CcmM protein is an indispensable 
component of the carboxysome assembly 

a ery  ro  a uab e  for 
ongoing attempts to introduce carboxysomes 

o a  oro a  ore e e  arbo  
a o  ou  e  o ee  foo  e a  for 

a  e er- ro  u a  o u a o
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S R R  N  P S  S ES RE E   
SS F N RS E N  SE E   

N N   E E S E F PI3Kγ
Combining X-ray crystallography and biophysics, a new class of PI3Kγ inhibitors that bind to an active state of 
PI3Kγ                    
of action that bears similarity to type II inhibitors in protein kinases.

Fig. 38: a) Chemical structure of the two isoindolinone compounds AZ2 and AZ3 
 or ou  e N- y o ro y e y  a  o e y re  0 for e four P  

ofor   a o o  b) X-ray crystal structure of mPI3Kδ in complex with 
 b ue  a  2 ye o  P  o e 0 a  F N re e e y  e N-a y  

a  e e  ee  o e P-b  o e  o e o bo   a  e  
o e e  of  u o  o ou  b  ea  o a o for a o a  a e 
of e F  o f re ue  -  Pur e arro  o  ey o for a o a  

a e  c)  ye o  o   e a e e of P δ with surface 
re er  b ue  d) 2 a  o ou  ye o  o   a e e of P δ 

 urfa e re er  b ue  o  e u e  o e

P o o o e- - a e γ (PI3Kγ  be o  o 
e a   P  e o a  four oe y e  

(PI3Kα, β, γ and δ  P γ has been implicated 
in immune indications and, more recently, as a 
potential target for immune-oncology [1]   e 

P b  e  e four ofor   u e 
o o o ou   a  bee  u  o a  ofor  
e e y   Re e y  a e  a  of e e e 

PI3Kγ b or  o o o e  a  o ere  
e b  a  u re e e e  e e y o er 
PI3Kα and β [2]  ou  e b or  e b e  
great potency for PI3Kγ, it was not possible to 
obtain complex structures with the catalytic 
p110γ domain of PI3Kγ  o e er  o e of e 

o e  a  y e e e P γ inhibitors were 
a o a e a a  P δ, and an X-ray structure 
was obtained of the complex between the murine 

er o  of  ofor  a  e o o o e 

inhibitor using data collected at beamline 
ID23-1 (Figure 38  ere y  e b or 

u e  a e  o e  a  a  o  re ou y 
bee  ob er e   P  Figure 38   ey for e 

u e   a  a y o ro y e y  o e y of 
e b or er a y u  o    

sterically clashes with the carbonyl oxygen from 
P e 2 re  o  e F  oo  ea  o a 

0    u e   e a  a  bee  
er e  e a y  u  a   a  y o e e  

that this was responsible for the unprecedented 
e e y a  a   o urre  a a a or 

rearra e e  of e a a o  oo  fo o  
e F  oo

o e a e  fur er  b o y a  u e  ere 
carried out using both Hydrogen-Deuterium 
E a e a  S e ro e ry - S  a  
Surfa e P a o  Re o a e SPR  u e  of 
inhibitor–p110γ o e e   e  
re ea e  a  e b  of e e b or  
o urre  a a o- e  e a  o  

e y a  a  u e   e a  - S 
re ea e  a  ra a  o for a o a  a e  
encompassing a large part of the catalytic 
p110γ subunit occurred when introducing the 
y o ro y e y -a y  o e y   ar u ar  

re o  a e   a a o  a  a a y  
ere a e e  e e u e  e a a o  

oo  e α- 2 e  a  a oo  o er  e 
Kα- 2 e  a  a  bee  er e  e o  
oo  Re o  o e   b  e re u a ory 
ubu  ere a o a e e  e e a e  ere 

o y ob er e   P γ and also for this class of 
b or

From this study, a mechanism is proposed 
a  o e  a o for a o a  a e of e 

a a o  oo  a  brea  a o for a o a  
o  ea  o e - er a  α-12 helix 

becoming unleashed (Figure 39    ea  o 
a o er  a e   re o  a  are a e e  
u o  a a o  e o for a o a  a e  
induced by the inhibitor share similarities to the 
o for a o a  a e  a  are ob er e  u o  

a a o  of P γ   a  of b or   
e r  e a e of  a e b or  a  

a e e e r e e y by au  a a or 
a e a e a a o  oo  a   

o u e a e  ara  for e e o  
b or  o ar  P



 a  of y e e e b or  b  o 
a  a e a e of P γ,  

 a a ara a  a  a   
 o a er b  R  Rae   
 u ar o  a  S  a o a   er a  
 ar  a   arabe a    

N  Pe ber o    yr a    
 o e ar    P  y a  b   

R   a  e    Perry   
 Pa a o e  a   Pe er e  a  Nature 

Chem. Biol  15, 4 - 4  20   
o  0 0 4 -0 -02 -0

(a) Discovery Sciences, IMED Biotech Unit, 
AstraZeneca, Gothenburg (Sweden) 
(b) Department of Biomedicine, University 
of Basel (Switzerland) 

(c) Respiratory, Inflammation & 
Autoimmunity, IMED Biotech Unit, 
AstraZeneca, Gothenburg (Sweden) 
(d) Drug Safety and Metabolism, IMED 
Biotech Unit, AstraZeneca, Gothenburg 
(Sweden) 
(e) MRC Laboratory of Molecular Biology, 
Cambridge (UK)

[    a e a et al., Nature 539  4 -442 20
[2  N  Pe ber o  et al., J. Med. Chem. 61  4 - 44  20

E S R RE F S ER R  RE R 
R  N   N R  P SES
          1      

in cancer. Two small GTPases, the Rag GTPases and RHEB, control mTORC1. The structures of active Rag GTPase 
heterodimers were determined, both on their own and bound to mTORC1. The structures explain how an oncogenic 
hotspot mutant activates Rag GTPases and upregulates mTORC1.
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Fig. 39: Pro o e  e a  er e  fro  e 
ru ura  a  b o y a  u e  e a a y  

p110γ domain exists in an inhibited form shown on 
e e  o  b  e y o ro y e y  a y - a  

induces large conformational changes in the p110γ 
o a  a o for a o a  a e of e a a o  

oo  re  au  e brea  of a o for a o a  
o  ree  ea  o e re ea e of e α-12 helix 
r

e e a  ar e  of ra a y  o e  
 R   a  a e  e y e o e  a  

e ra e  a  fro  u r e  a a ab y  
energy, and growth factors to regulate cell 

ro  ro fera o  a  e abo  er-
a a o  of e e y e o e   a o a e  
with many diseases, including cancer, type-
2 abe e  a  efe   euro e e o e  
[1]  y e ra  ro  fa or a  
a  u r e  a a ab y  ro fera o  re u  
only when growth is needed and nutrients are 

e fu  e  u r e  are a  R   
 e e  y o o   a  a e for  bu  e  

u r e  be o e abu a   o e  u y o 
e urfa e of e y o o e  

R   a 0  a er of a e ero r er 
o  of e R a e  ub ra e-

b  ubu  R P R re u a ory-
a o a e  ro e  of R  a  e a  

40 ro e  S  a a a  e a  
 SE  ro e   e R  o e  

 a a e  by b  o o y e  of a  
- ro e  e Ra  Pa e  a  R E   

response to an abundance of amino acids and 
 e re e e of ro  fa or  re e e y  

e o er Pa e  Ra  are e a  
they form obligate heterodimers, with RagA or 
RagB forming a heterodimeric complex with 
Ra  or Ra  e o ubu  are ery ar 
to each other and consist of two domains: 
a Pa e o a  a  b  a u eo e 
u  a  P or P  a  a - er a  roa -

b o  o a  R  a   re o b e for 
for  a  er  e Pa e o a  
of Ra  Pa e  e o er a  Pa e  

a e o er e  oo  a  e a e e bou  
nucleotide, and a subset of these loops – the 
switch regions – change conformation in the 

P a  P bou  a e  ereby a er  
b  o e e or  e P-bou  Ra  or  

 a o e   P-bou  Ra  or  for  
a  a e  Ra  a  a  e rea e  a y 
for R  Ra  Pa e  b  o a e bra e-
o a e  e ero e a er  o e  o  

a  e Ra u a or  e Ra u a or-bou  Ra  
e ero er  a  e  era   R  

causing it to translocate to lysosomes, where 
R   a a e  u o  a o a o   

e bra e- o a e  P- oa e  R E  u  
e Ra  a  R eb Pa e  are ar  of a 
o e u ar N  a e for R  a a o  



r e ure of u a  Ra  Pa e 
heterodimers and their complex with 

R   a a a a a aba  a   
 R  a o  a   Per  a   
 er  a   auf a  a   
  o o  a   Sa a a  a   
  Ro a a b    Saba  b e f  

a  R   a  a  Science 366, 203-

2 0 20  o  0 2 e e aa
(a) MRC Laboratory of Molecular Biology, 
Cambridge (UK)
(b) Whitehead Institute for Biomedical 
Research, Cambridge (USA)
(c) Department of Biology, Massachusetts 
Institute of Technology, Cambridge (USA)
(d) Howard Hughes Medical Institute, 

Massachusetts Institute of Technology, 
Cambridge (USA)
(e) Koch Institute for Integrative Cancer 
Research, Cambridge (USA)
(f) Broad Institute of MIT and Harvard, 
Cambridge (USA)

[  R   Sa o     Saba  Cell 168, 0-  20  
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Fig. 41:  o e  of R  a e a e b e  
 a ery Ra Ra u a or R eb  re u re  

for  re ru e  o  a  a a o  o  y o o a  
e bra e  e R a e e  fa e a ay fro  

e e bra e o ar  e y o o

Data collection at beamlines ID30B and 
ID30-A3 made it possible to determine the 

-re o u o  ry a  ru ure of a Ra  
heterodimer (Figure 40a   a o b a o  
of X-ray crystallography and Hydrogen-
Deuterium Exchange Mass Spectrometry, this 

or  o  a  e o o e  u a o   
RagC melt structural elements in nucleotide-
e e re o  o  a  e  o a  e 

Ra  Pa e o a  a e   o a   
RagA (Figure 40a  e u a o  er a e y 

 Ra    a e  P-bou  for  
a  ereby re u   o u e R  
signalling that otherwise occurs upon amino 
a  ar a o   o e  of a e  o o e  
Ra  bou  o R  a  re o u e  
and its structure obtained by cryo-electron 
microscopy (Figure 40b  e ru ure o  

a  e bu er y- a e  Ra  er a  
the helical-domain of the Raptor subunit of 

R  Figure 40b  o fa e  R  o 
the Ragulator complex on the surface of the 
y o o e  y e e e  Ra  o o  a e 

e o for a o  of R  ea  ey 
y re ru   o a y o o e o a  R  

can interact with membrane-bound Rheb, 
a a  Pa e a  a o er a y a a e  

R  a e  o   a  o  re ou y 
published structures of sub-complexes, an 
or a a o  of e e re R Ra
Ra u a or R eb o e  o  e y o o a  
membranes is proposed (Figure 41

Fig. 40: a) ry a  ru ure of a e Ra  e ero er  b) Cryo-EM 
ru ure of R -Ra  o e  a ery



E R E  F NE R N  RE EP R PENS R 
F R NE  N ER R S

Proper brain function depends on neurons forming accurate circuits in the brain, guided by protein receptors 
that sense the environment around them. Crystallographic data reveals the molecular mechanism that allows 
the Robo guidance receptor to react to signals in its environment. Drugs that target Robo could lead to promising 
treatments for cancer.
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Fig. 42: A surface 
representation of 
the crystal structure 
of the extracellular 
portion of human 
Robo2  e ye o  
region represents 
the domain where 

er a o  a e  
a e  ere    

b o e  by e o er 
domains, meaning 
dimerisation cannot 
a e a e a  a  

Robo2  a a e

Fig. 43: Crystal structure of human Robo2 receptor depicted here as 
if entangled with the C. elegans nematode axon guidance model that 
was used to test the structure-based hypotheses in vivo  e ry a  

ru ure a  e a o e a ear o  a ba rou  of e e  ou e 
or a  roo  a o  R  a o  a  ro  o e  o e  for S -Robo 

u a o  a  re o e

ur  bra  e e o e  b o  of euro  
er e e  u   a ura e a ay   

the brain in order to form trillions of neuronal 
r u  e ab  u  o e oy o e  e ory 

a  e o o a  e be  o a e e   
re ar ab e re o  ra  euro  
use special protein receptors that sense the 
e ro e  arou  e  a  u e e 
way so that they, and their long extensions, 

ay o  e r  a  Rare efe   e e 
euro a  u a e ro e  a  re u   e ere 

neurological conditions such as ataxia and 
e e y   or  re or  o  e o ery of 
the intricate molecular mechanism that allows a 
ey u a e re e or  Robo  o rea  o a  
  e ro e  e a o  re a ure 

a y a  a  ea  o ar fu  ou o e

One of the most important protein signaling 
systems that guide neurons consists of the cell 
surface receptor Robo and its cognate external 

u a e ue  S  bo  of  a  be e e  
 r ua y a  a a   a er ou  y e . 
 e  of e er of e e ro e  re u   
efe   bra  ru ure a  fu o  For 

e a e  e r ab e e o ro e  e bra  
ability to form the correct connection across 
the corpus callosum, the region where neuronal 
extensions from the two brain hemispheres 
ro  a  o er a e o o e e  of e 

body, a fundamental attribute of bilateral 
rea ure  u  ro re  a  bee  a e 

towards understanding Slit-Robo function and 
e e e o e a  re o e  a  ey r er 
 e bra  a  e e ra  er ou  y e  
o e er   a   o  fu y u er oo  o  S  

a a e  Robo a  a  ee  Robo a e  
e ab e e of S  o re e  ar fu  a a o  

 a  bee  a e   ey ea e  
a  a e-re a e  a u ar e e era o  

ou  -ray ra o  a a fro  Robo 
ry a  a  bee  o e e  e 200   a  

o y re e y o b e o ob a  ra o  a a 
to under 4 Å resolution, using ESRF beamline 
ID29 a  ESS    er a y   o e u ar 
replacement, the crystal structures of the intact 
Robo e o o a  e ra e u ar or o  ere 
determined (Figure 42  e e a e  o  

o Robo re e or  for  a e er  a  o  
e r er a o  erfa e  are e  b o e   
e ab e e of S  Fo o  ry a o ra  

ob er a o  a e  b o e a  a ay a  
e e o e  o o or Robo er a o  e  

e re e   u ure  e    ay  e 
ru ura  o e  for Robo  e f- o ro  o er  

oligomeric state was corroborated and it was 
also shown that the same mechanism exists in 
o er o e y re a e  re e or

Ne  e ru ura  o e  a  e a e  in 
vivo using the C. elegans nematode – a tiny, 
multi-celled worm that is the only organism 
o a e  o e e euro a  r  a ra  

o  Figure 43  C. elegans has only one Robo 
and one Slit (compared to four Robo genes and 

ree S   u a  a  e  a   ea  
o u y  e e e e u or e  e ru ura  



S R RE F  NE  N E N 
SPECIFIC FOR ANOPHELES S ES  E R 
OF MALARIA

A new neurotoxin that selectively targets mosquitoes that transmit malaria has been discovered. This could lead 
to innovative and environmentally friendly approaches to reducing malaria.

S ru ura  Pr e   Robo a o  a  
u o- b o  R  ara  a   
 o - o  a   ue - a a  a   
 a r -P o y a  R  a o  b   
 o e - er a  a   
  ar y  E  Per o  b   

S  e - ore b  a   N  u o   a  
 a o y a  Cell 177 2  2 2-2 e  

20  o  0 0 cell 20 02 004
(a) The Mina & Everard Goodman Faculty of 
Life Sciences, Bar-Ilan University (Israel)
(b) Department of Physiology and 

Pharmacology, Sackler Faculty of Medicine, 
Tel Aviv University (Israel)
(c) European Molecular Biology Laboratory, 
Grenoble (France)
(d) Biosciences, University of Exeter (UK)
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o e  a  S  a a e  Robo rou  e 
release of an auto-inhibitory mechanism that 
ee  Robo a e  e ab e e of S  a  

also showed that the same mechanism actually 
e   o er o e y re a e  re e or  e e 
a  e o u o ary a e of abou  00 o  
years between humans and C. elegans, the 
results point toward a similar Robo molecular 

e a  

e o e e  of S  a  Robo re e or   
a er  of ar u ar ere  o re ear er  
 a er  o e re e or  are - a e  

o r e u our for a o   er o a e  
a er era y  ru  b o  e e ro ue 

re e or  e r  e a er e  of a  
signaling instructions and directing them 

o ar  e ru o  ar e  S  a  Robo a  
long been considered a promising therapeutic 
a roa  for y e  of a rea   a  
brea  a er  o e er  a  a o  er a y 

ue o a  u e  ru ura  a  e a  
u er a  of Robo a a o  a  a  

ere are urre y o Robo- re e  ru  

e e re u  ro e  for e r  e  e 
for a o  e e ary o e  e e e ru  

ar e  Robo re e or   ar u ar  e 
ry a  ru ure  re ea e  o e u ar e  o  e 

surface of Robo that, when targeted by designed 
ru   a e  o b e o a u a e 

Robo a a o  a  b o   a e  u  
ro  e  o b e   e rea e  of 
a er

Malaria is one of the most common and serious 
ea e   e or    au e  by u e u ar 

ara e   are rea  by o e o u oe  
or  o e or  ea  r a a o  

 abou  a f a o  eo e e of e 
ea e e ery year  o  of 

e  re   fr a  rou  
200 o  eo e u er fro  

a ar a  

Botox (Botulinum neurotoxins, 
or oN  a  e o  
causing tetanus belong to 
the same family of proteins 
and are among the most 
o  ub a e  o  [1]  

Pre ou y   fa y of 
o  a  be e e  o o y 

ar e  er ebra e  u  a  u a  e a  
b r  bu  o  re ear er  a e fou  a o  
which targets the group of mosquitoes that are 
re o b e for ra  a ar a

A joint research collaboration between 
S o o  a  u  u er e   S e e  
a  e er y of a for a  e S  a e 

o ere  a euro o  P P  a  e e e y 
targets Anopheles mosquitoes (Figure 44  
demonstrating that this family of toxins 
has a much broader host spectrum than 

re ou y be e e  P P  a  o a e  fro  
Paraclostridium bifermentans strains of bacteria 
fou   o rea e e  ab a  a a ro e 

a   a ay a a  a fore  oor  ra  
o ara e e o  of e era  ra  of e 

bacteria presenting, or not, the mosquitocidal 
a y a o e  e a o  of e euro o  
Analysis of the genome showed that the toxin 
o  a  a u re  rou  a e a a  

Re ar ab y  P P  ar e  e er ou  y e  
of mosquitoes by proteolytic degradation 
of ra e u ar y a  o e of e ey 

Fig. 44: Malaria mosquito of the 
species Anopheles gambiae  
© a- ar  a S o o  

er y



 euro o  a  e a y ar e  
Anopheles mosquitoes,  
E  o rera  a   a uyer b   
N  ure  a  S  a a a   

 o  a   ee   e  a  P  
S e ar  b  a  S   a  

Nat. Commun. 10  2  20   
o  0 0 4 4 -0 - 0 2-

(a) Department of Molecular, Cell and 
Systems Biology, University of California 
(USA) 
(b) Department of Biochemistry and 

Biophysics, Stockholm University (Sweden)
(c) Unit of Medical Entomology, Institute for 
Medical Research, Kuala Lumpur (Malaysia)
(d) Department of Experimental Medical 
Science, Lund University (Sweden)
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[2  S  a  et al., Nat. Commun. 8  4 0 20
[  S  a  et al., Cell Host Microbe 23 2  - e  20

   

REFERENCES

51HIGHLIGHTS 2019
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receiving the drug natalizumab. Some of these antibodies interacted so strongly with the drug that its activity 
was neutralised. This antibody response was triggered by T-cells that recognised a single portion of the drug. 
A ‘de-immunised’ version of the drug was engineered to avoid recognition by such T cells.

components of SNARE-mediated exocytosis, 
re u   ara y  e a a y  o a  of 
P P  o   a a a  -e o e a e  

ar o o er oN  [1]

 ra o  a a o e e  a  bea e 
ID30B, the crystal structure of the receptor 
b  o a  of P P  a  o e  a  

re e e  a fo  ar o e a  oN  
with two sub-domains, consisting of a lectin-

e re o  a  a β-trefoil fold, which usually 
re e  a o er e  arbo y ra e-b  e 

a   re o b e for e  e  re o o  
(Figure 45  e ru ure a o re ea e  
u e e e  fea ure  For a e  ere are 
many aromatic residues exposed on the surface 
of the receptor-binding domain of PMP1, which 
form highly hydrophobic tyrosine-tryptophan 

a e   a o  e era  e o e-
yro e re ea  ere ob er e  a  e  of 

e e -b  re o  Se era  u a o  ere 
performed based on the structure and allowed 
researchers to determine which hydrophobic 

u er  ere e e a  for o y  e re u  
u e  a  e era  e  are or a  for 

receptor binding and interactions with the 
e u ar e bra e  e re e or  for P P  

a  o er oN - e o  re a  u o  

[2-3]  e fy  e e re e or   be ey 
in engineering toxin-based molecules with 
b o e o o a  o e a  a  ey e y a e 

e o  e e  e y  a ou  o er 
barr er  ay a o e

o ay  e e  a  o u o e  rea e  
with insecticides are the main means of 
combating the spread of malaria, but new 
methods of combating malaria mosquitoes 

u  be e e o e  o a y a  o u oe  
be o e re a  o o  o  o er e  e 

o ery of P P  ou  a e  o b e o 
re u e e re a e e of a ar a  a e  a  
e ro e a y fr e y ay  a  e o  
are ro e  ey o o  ea e a y ar a  
re ue  a  ey e o o e  P P  ay a o be 

e e o e  o b o o a  e e  e e  
o ar e  o er e e e  ea e e or  or e

o o o a  a bo e  a e be o e o e of e 
main therapeutic modalities that are widely used 
in oncology and the treatment of autoimmune 
diseases, and, today, there are six antibodies 

a o  e 0 o - e  ru  bo e  
ro e a  e u e e e y a  e y  

a  are o e  a o a e   a  a e ab e 
afe y ro e  o e er  o  a bo e  u e 

Fig. 45: Structure of the 
PMP1 binding domain, 
re o b e for e y 
towards Anopheles 

o u oe  e e y 
e e  y ro ob  
u er  o e   

o y are e  
u ra o  eo rey 
a uyer S o o  

er y
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Fig. 47: Ribbon 
diagram of α4-integrin 

ora e  bou  o 
N  Fab b ue   

e re ue e e  
from NZM engineered 

for de-immunisation is 
o   

Fig. 46: R bbo  a ra  of N 2 Fab ur uo e  N 4 Fab ree  
α4- e r  ora e  bou  o N  Fab b ue

an immune reaction in a small number of 
a e   rea o  a  a e  rea e  

e a y by ro u  eu ra  a bo e  
a  a  a o a e  e o era  o o  of 

e a e  ra  fro   e e  o 
e ere a a y a  o  [1]  e u er y  

mechanism leading to the immunogenic reaction 
 o  fu y u er oo  Na a u ab N   a 

drug currently used for the treatment of relapsing 
forms of multiple sclerosis [2]  for u a e y  
abou   of a e  a o  be e  fro   
treatment because they produce anti-drug 
a bo e   a  eu ra e e a y of 
N  er a  e b o o a  ba  of  
unwanted immune response is essential for the 

e e o e  of ore e e e er o  of N  
a  of era eu  a bo e   e era    
study, an analysis of the contribution of the B and 

 e  o e    ro e  a  erfor e  
e ab  e e  of e- u e  ar a  
of N  e e  ere o a e  fro  a e  
treated for multiple sclerosis with NZM, who 

a  a y er e y rea o  fo o  ru  
fu o  a  e e o e   er  of 

B cells from these patients were screened to 
o a e o o o a   b  o N  
e e  e b e  ere  fu o a  in-

vitro ro e  a  ou  be a e  o o 
a e or e  e r  y e u e  a bo e  
a  o  b ory a y  0 a ue  
 e -1 range and are considered as 

eu ra  a bo e  e e a bo e  b  
strongly to NZM and are characterised by a slow 

o a o  ra e d~10-  s-1  e e o  y e 
includes antibodies that bind to NZM with fast 

o a o  ra e d~10-3 s-1  a  ay 0 
a ue   e -1 ra e  e e a bo e  o 
o  o  b ory a y a  erefore  are 
o ere  a  b  a bo e  Neu ra  

antibodies are a major concern, as they can 
a e  e e a y of e ru  a  o e ue y 

e ou o e of e rea e  

Epitope mapping of these two antibody classes 
a  erfor e  by a  y er ar ab e R 

oo  a   a  o  a  e ere e 
in IC 0 a  o  re a e  o e o e e y  
Subsequently, X-ray crystallography at 
beamline ID30A-1 a  u e  o o e the 
ry a  ru ure  of o a -N N  Fab 
o e e  N 2 N  a  N 4 N  

NAA32 is a binding antibody, whereas NAA84 
 a eu ra  a bo y  o  a bo e  

recognise the same surface area on NZM –  
α4-integrin – as their target (Figure 46  

o e er  ey e b  ere  b  o e  
 are a o ere  fro  a  of α4-integrin 

e  bou  o N  e ere e be ee  
binding and neutralising antibodies cannot be 
accounted for by the epitope with which they 

era  bu  ore re u ab y by e ere e 
 e o a o  ra e fro  N  e e  

bear some potential clinical implications, as 
ey u e  a  b  a bo e  are e y 

to mature into neutralising antibodies following 
subsequent NZM drug challenges and could 

re e  o e o e a  r  for e a e  

e ara er a o  of  e  o e  a er ex-
vivo stimulation, combined with MHC-based 
proteomics of B cell clones pulsed with NZM, 

e  a e u o o a   e  
e o e o a e   e  a  of N  

 u ue  e  e o e  e y re o b e 
for e u e rea o  ob er e   a e  
Combining this information with structural 

a a  ar a  of N  ere e e   e 
ob e e of re o  e u o o a  

 e  e o e  e a a  e ab y 
to bind to α4-integrin (Figure 47   u ber 
of N  ar a  ere e era e  a  ere 
shown to be unable to trigger proliferation of 

 e  o e  e  o e a ura y re e e  
u o o a  e e  e ee  

e r b o o a  a y  e e e- u e  
ar a  of N  ro e a ra e a e ue  for 

ro e  era eu



 e  e  e o e r e  e 
eu ra  a - ru  a bo y re o e o 
a a u ab  u e ero  a e  
 er ra   S  Pou eu    
 e Par   P  Ferrar    u a    

 a o a a b   P o  a  a   
 o   Nat. Med. 25, 1402-1407 

20  o 0 0 4 -0 -0 -2
(a) Institute for Research in Biomedicine, 
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(c) Research Platform, Sanofi R&D, Vitry-
sur-Seine (France)

[   r a  S   Na er  Front. Immunol  7  2  20
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the virus replicates in the infected cell are still poorly understood. Using a combination of X-ray crystallography 
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Fig. 48: Structural snapshots of (a) mixed initiation and (b) elongation state 
o e e  of ue a o y era e  o  Se ue e a  e o ary ru ure of 
u e  a  o e e   e o e  e a e  RN   ye o  r er RN   

b ue  e a e    e  S ru ure of e RN  o e e  re re e e  a  
ere  o o  R bbo  a ra  of e e  a o  -ray  a  e o a o  

ryo-E  a e o e e  o oure  a or  o o a  ru ure [1]

e  ue a ru  fe  a o  e  e 
e o  a er a  of e ru  e ra  RN  
RN   ra or e  o e u eu  ere 
  r  ra r be  o ra  e e er RN  

RN  a   e  re a e  o ro u e 
u e o e  of e f  ue a o y era e 

F uPo   e ey ra r o -re a o  
machine responsible for both of these processes 
a   a ro  a - ra  ru  ar e  F uPo  
employs unique mechanisms to synthesise 

- a e  a  - o ya e y a e  ra  
RN  o a b e  e o  e  ro e  

ro u o  a ery  r   o a  
ra  ro e  e ra  ro e   ur  a a e 
e ra  e o e o e  o ro e y r o  

that are released from the cell to infect new 
o

At the beginning of transcription, FluPol 
 a y bou  o e RN  ro o er  

o r  e ar a y ba e- a re   a   
re o  of e e a e RN  [1,2]   or  
a e  r er  a - a e  fro  a a e  

host polymerase II RNA transcript [3] and 
e  re e  o ar  e o y era e a e 
e o ybr e  e  e re y of e 

e a e o a e RN  y e  e  
to characterise structurally the initial steps of 
ra r o  a e er o bee  u u e fu  
ue o e r  e b y of e  e  of 

the template, the instability of the initiation 
a e a  a er  a   e a e e a y 

of e r er  e r  oo   a e  
fea ure of e F uPo  a   re u re  for RN  
replication [1,2]

 o e   e a e a  e oye  o 
stabilise the initial primer-template interaction 

 or er o ua e a ra r o  a o -
e a e by -ray ry a o ra y u  a a 

measured on beamline ID29 (Figure 48a  
Sub e ue  a o  of o y P a  P ea  
o ro u  e o a o  by e u eo e   

concomitant template translocation before the 
o y era e a  ue o a  of P  ra  

 a e a e  o b e o ua e e 



S ru ura  a o  of a e y 
ra r b  ue a o y era e   
 ouba a  P  r o  a  a   

S  u a  a  Nat. Struct. Mol. Biol  26  
4 0-4 0 20   

o  0 0 4 4-0 -02 2-

(a) European Molecular Biology Laboratory 
(EMBL), Grenoble (France)

[  S  Re  et al., Nature 516  -  20 4
[2   P u  et al., Nature 516  - 0 20 4
[   u ar a et al., Nature 541  - 2  20

RE N  E S E R  F E N ENS N 
P SE E

Five crystal structures of the ATPase catalytic core of the condensin complex and one of its HEAT-repeat subunits 
                  

cycle. The structures hint at an unanticipated asymmetry that provides the means for condensin’s ability to 
extrude DNA loops during mitotic chromosome assembly.
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Fig. 49: Schematic of 
the transitions between 
the pre-initiation (a,b), 
initiation (c) and 
elongation (d) states 
for transcribing 

ue a o y era e

initiation-to-elongation transition by cryo-
electron microscopy on CM01 (Figure 48b

e re u  o  a  e a o - o-
e o a o  ra o  o e  ro re e 
extrusion of the priming loop coupled to 

e  of e a e e a y Figure 49  
e a er a o o a e  ro  of e ro u -

template duplex to a steady state of nine base 
a r  Sub e ue y  e P 2 e a   for e  

strand separation, directing the template 
a  ro u  o e ara e e  a e  e 

ru ure  a o re ea  o  e  o er e  
ara er  ru ura  o f  F  of e 

catalytic core are responsible, together with two 
a e  a o  for o ro  e u eo e 

a o  y e  e e o f  era   e 
primer, template and incoming nucleotide in 
bo  re- a  o - ra o a o  a e  e 
comparison of the two states highlights the 
ro e of e e b e  e o e-r  o f  oo  
P 40 - F-4  y o er e   

a  ue a ru e   a a  o e re e e 
of a ba e a  e  o  u eo e o o  

ue a ra y u a e  e ab   o ou  
the immune system by generating new strains 
ea  year a  au e ea o a  e e   a  
also jump the species barrier from birds and 
pigs to humans, resulting in occasional global 

a e   o 00 000 eo e or e 
e fro  ue a a ua y  o e a y 

much higher mortality rates when a new 
a e  u ra  e er e  a a o   
o  a ay  e e e a  erefore o e  a -

ue a ru  are ee e  a  a o e e ary 
rea e  o o  e a a a e of ru  

a  b  e y o er e  F uPo   a  
re a e u a  are e  e y  o e e of 

e ere  o ura o  of e o y era e 
catalytic core will aid optimisation of inhibitors, 
such as nucleoside analogues, that directly 
ar e  RN  y e   u y u  a e  e 
ay for e e  e era o  of a - u ru

o  e ry o o  eu aryo  e o e  
undergo global re-arrangements to form highly 
ordered rod-shaped chromosomes that can be 
e re a e  o au er e  e e- ubu  

condensin complex plays a leading role in 
the establishment and maintenance of these 
chromosome structures by extruding large 
DNA loops during its translocation along the 
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Fig. 50: o e  for e ro e e e ru o  of N  
oo  by e o e  o e  e o e   
thought to encircle DNA within the ring-shaped 

architecture formed by its Smc2–Smc4 coiled-coil 
ubu  b ue a  re  a  2 e  ubu  
ree  E -re ea  ubu   ye o  a  

 ora e  b  o 2

Fig. 51:  
a) Positioning of 
the sub-complexes 
shown in (b), 
(c) and (d) in 
the condensin 
ar e ure  
b) Structure of Smc2 

ea  c) Structure of 
Smc4 head–Cnd2C. 
d) Structure of 
Cnd1–Cnd2central 
bound to Smc4 
head–Cnd2C shown 
in (c)

DNA double helix (Figure 50  e o e u ar 
e a  be   N  o or a y a  

re a e  u o  [1]  

Condensin contains two structural maintenance 
of ro o o e  S  ubu   arbour 
a  P-b - a e e  ra or er a  
of Pa e e  a  e e  of a 40- - o  
o e  o  Ea  of e o e  a e  a  

P o e u e be ee  e  a ure o f 
of o e S  ubu  a  e a er  a   

o f  of e o er  e S  ubu  o e er 
 a e  ubu  rea e a ar e r ar e 

ring architecture (Figure 51  e e   
turn recruits two additional subunits that are 
ar e y o o e  of a a- e a  E  re ea  

Condensin shares this basic architecture with 
other SMC complexes, including cohesin and 
S   S  o e e  ay e e a  
ro e  ur  ar ou  a e  of ro o o e 
biology, including genome maintenance, 
chromosome condensation and segregation, 
DNA recombination and damage repair, and the 
organisation of chromosomal territories [2, 3]

o a   o e o e  a a y  
ore  ere  ub- o e e  of e Pa e 

domain of Smc2 or Smc4 bound to the amino 
or arbo y er u  of e e  2  
re e e y  ere o-e re e  a  ur e  

e Pa e ea e  ub- o e e  fro  
the yeast Chaetomium thermophilum were 
 a er e e e e eer  a  ree   

a e ab e o ry a a o  by a our u o  
Fo o  e era  rou  of a a o e o  
at beamline ID29, two independent crystal 
structures were determined for the Smc2 head 

o 2 0 a  2   re o u o  a  o e ru ure 
was determined for the Smc4 head–Cnd2C sub-
o e  o 0  re o u o  S e 2N had 

apparently dissociated from the Smc2 head 
during crystallisation, its binding interface was 

ea  re o e  by u ear a e  re o a e 
N R  e  of bo  S 2 ea  ru ure  

to the structure of the Smc4 head or other 
o o o ou  S  ea  o a  re ea e  a  

unusual rotation in the coiled coils (Figure 51  
 a a e of ru ura  a e e  e e  

e   ro a o  o a  a ere  o a e-
b - oo  P- oo  o for a o  a  a  

o a b e  P b   ru ura  
singularity explained a newly found asymmetry 

 e P-b  ro er e  of e o S  
head domains: Only Smc4, but not Smc2, was 
ab e o b  P  b o e a  a ay

e Pa e ea  a y e ry a  fou  o 
fur er e e  o a y o er e  urfa e 

a  o  e o e - o  e of e S 4 ea  
In-vivo o o- ro  re ea e  a   
re o  of S 4 b  e o e  E -
repeat subunit Cnd1, which had so far been 
thought to assemble into the condensin complex 
e u e y rou   o u e era o  

 e e ra  re o  of e 2 e  
ubu  ry a  ru ure  of 2central 
ub- o e  a o e o e  o   re o u o  

and when bound to the Smc4 head–Brn1C sub-
o e  o e  o   re o u o  ba e  o  

data collected at beamlines ID30A-1, ID30B 
and ID29, completed the architecture of the 
condensin core (Figure 51  Sur r y  
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X-ray crystallography and single-particle cryo-electron microscopy (cryo-EM) structures of the T7 bacteriophage 
                

conformation of the portal could retain the genome before tail assembly, while in mature virions DNA leakage is 
prevented by the nozzle protein.

Structural Basis of an Asymmetric 
o e  Pa e y e   a er a   
  S a e  a   o a  a   
 S o  b   F  er e  a   r e  a  
  a ey a   a o e  b  S  ra o a  

 e  a   e  b  a   
  aer  a b  Mol. Cell 74  -  

20   
o  0 0 o e 20 0 0  

(a) Cell Biology and Biophysics Unit, 

European Molecular Biology Laboratory 
(EMBL) Heidelberg (Germany) 
(b) Structural and Computational Biology 
Unit, European Molecular Biology 
Laboratory (EMBL) Heidelberg (Germany

[   a er et al., Curr. Biol. 28  2 - 2  20
[2   S  a  Ru e     Ro a  Trends Genet. 34  4 -4  20
[   or    e  Trends Cell Biol. 26  0-  20
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a e  ba er o a e  fro  e Caudovirales 
order share a common mechanism for genome 

a a    a ro ea   a e b e  
before N  e a a o   er e  ru  

e ey o o e  of e a a  ro e  
are the terminase complex, which is the motor 

ro  e e er y for N  ra o a o  a  
the portal protein, which is located at a unique 

e a er  a  er e  a  bu  a a e  
rou   e e o e a e  er N  

a a  a e b y of e ba er o a e a  
o ur  a  e or a  er e   or er o ro u e e 

a ure ra  ar e [1]   ba er o a e  a 

member of the Podoviridae family, with a short, 
non-contractile tail formed by four proteins: the 

or a  e e ro u    e a a or  
e o e 2  a  e bre   [2]  

 u ber of ry a  ru ure  of e  
ba er o a e or a  ere o e  by o b  
high-resolution X-ray crystallography and cryo-
e e ro  ro o y ryo-E  -ray a e 
data sets were collected at beamlines ID29 and 
ID14-1   a e  o e er e e a e  
u  ea y-a o  e o  fa e  a  e 

ru ure  ere e e ua y o e  by o e u ar 
replacement, using a partial structure built 

o a - -re o u o  ryo-E  a  a  a  
a  ear  o e  e o e a er  ry a  

ru ure of e or a  ob a e  a    o  
a r - e a e b y  a  a a  e ra  
channel (Figure 52a  o e arro e  a er ure 
diameter, 23 Å, as delimited by the tunnel loop, 

ou  ar y a o  e a a e of N  e 
u e  oo   o e e   e -re ue-

long helix α10, oriented in a perpendicular 
a er  re e  o e a e  a  
ere y  a 4 - -re o u o  ryo-E  a  

yielded a second dodecameric atomic structure 
of e or a  E e  ou  e o era  ar e ure 

 o er e  be ee  e o ru ure  a 
conformational change occurs at the α10-tunnel 
oo  a e  re o   e ryo-E  ru ure  

Fig. 52:  
bacteriophage portal 

ru ure  a) Ring-
shaped dodecameric 

 ar e   
b) Comparison 
of the closed and 
o e  a e  a e 
o for a o  

Cnd1 binding to the Smc4 head domain created 
a steric clash when the latter engaged with the 
S 2 ea  u o  P b   o u ru  

a  re o e  by e  a  P b  o 
e S 4 a e e o a e   fro  e 

distant coiled-coil side, in which the so-called 
u a e- oo  - oo  o f of S 4 er e  

a  a  a o er  o for a o a  

a e  o e er  e ru ura  a o  of 
o e  re ea  for e r  e a er e  of P-

dependent conformational changes in an SMC 
o e  a  ear-a o  re o u o  a  r e 

a  a y e r  Pa e rea o  y e  e e 
 ay ou  a e a  a  o ar  

e a  ro e e a  re o a  e ru o  
of large DNA loops, which is now thought to 

ro e e u er a  r e of or a  
genomes in all species [1]
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the α 0 e   e  a  e or e a o  
of  N- er a  re o  by 0  a  rea  

e a e  a e er of e re o  o   
erefore   ar  of e ru ure ay a  a  a 
a e  a e  ab e o o e  a  o e e e ra  

aperture of the portal (Figure 52b  

e a o  ru ure of e - a bre- e   
a  o e  - - 2  a  e er e  

a    re o u o  by ryo-E  e ru ure 
o a  o ere  y e r e    

and gp11 forming dodecameric rings and gp12 
bu  e -fo  o e Figure 53a  e 
adaptor protein interacts at the distal part of the 

or a   a  e e e e or  of y ro e  
bonds and electrostatic pairings, including 
those found on an α-helix that embraces the 

or a   o a    e e a e  
of e a a or   e a a or- o e er a e 
contact surface there is a bipolar distribution of 
e e ro a  ar e   e e e ro e a e 
distal part of gp11 interacting with the 
e e ro o e ro a  ar  of 2  

 e  a  o e  e or a  a e  a e 
 fou    o e  o for a o  erefore   

is not responsible for DNA retention inside the 
a ure ra  ar e  e 2 o e ro e  

is mainly responsible for securing the DNA in the 
a   a fo  ou  ru ura  ar y 
o a y ba er o a e a  ro e  re ou y 

re or e  ea  o e o o er  or a e  
arou  a e ra  e e -b a e  β-propeller placed 

with its plane radial-wise with respect to the tail 
a e  e o e o a  four o  a e  

 a e er  be ee    a  2   a  
a o  N   rou  e a  a e  
(Figure 53b  

 fu o a  o e  u e  a  e or a  
a e  a e o e  u o  er a e e a e  

e orar y re e  N  ea a e  e or a -
adaptor interaction opens the portal channel 

a e  a o  e N  o a  a o  e a  
a e   e a ure ru  e a e  of e 

o e ro e  are o e  re a  e N  
in the tail channel until reorganisation of the 

o e  r ere  by e a  o a   e o  
membrane, which opens the gates and allows 

e o e e e o

S ru ure  of  ba er o a e or a  
a  a  u e  a ra  N  re e o  a  
e e o  e a   uer o a   

 F bre a-Ferrer b   a  b   
  o e a a  F   Fer e    

R  P re - u ue b   P re -Ru  a   

 Pou  b    e a    arra o a a  
a   o  b  Nat. Commun. 10, 3746 
20  o  0 0 4 4 -0 - 0 -

(a) Centro Nacional de Biotecnología (CNB-
CSIC), Madrid (Spain)
(b) Institute for Research in Biomedicine 

(IRB Barcelona) The Barcelona Institute of 
Science and Technology, Barcelona (Spain)
(c) Institut de Biologia Molecular de 
Barcelona (IBMB-CSIC), Barcelona (Spain)
(d) Centro de Investigaciones Biológicas 
(CIB-CSIC), Madrid (Spain)

[   uer o et al., in Structure and physics of viruses    a eu E  S r er  or re  - 4 20
[2   uer o et al., J. Biol. Chem. 288  2 2 0-2 2  20
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Fig. 53: F bre- e   
bacteriophage tail 

ru ure  a) -
- 2 ru ure  

b) e a  of e o e 
o  a e

N R  F   R  ER S N
USP25 and USP28 are two deubiquitylases involved in the progression of certain malignancies. Their high similarity 

               
the development of inhibitors. The crystal structures of their catalytic USP domains were solved and it was found 
that both enzymes form distinct oligomeric states. 

e a or y of e u ar a ay   eu aryo e  
are re u a e  by ub u y a o  e o a e  
a a e  of ub u  b  or ub u  a  
to either the N-terminus or Lys-ε amino groups 
of ro e  by e e y a  ub u y a o  
a a e E  -  E2 -  E   o a o  
a  be re er e  by eub u y a e   

o e a e  a  e er re o e or o fy 
b- o e e  fro  ar e  ro e  e e-

tuned interplay of the two antagonistic 
processes decides the fate of the target protein 
a  u a e y of e e  e ar e u ber 
a   e y of bo  ub u y a  
a  eub u y a  e y e  a e  e  



STRUCTURAL BIOLOGY

58 ESRF

Fig. 54: a) r e ure of SP2  a  SP2  
b) ry a  ru ure  of SP2 a  a  

SP2 a  SP2  for  o u e y a e 
er  e SP2  for  e ra er    

e b-b  e  are b o e  by e  
 of e era  er

Fig. 55: a) Pro   SP2  for  a cis- e e bo   4  ea  o 
a o o  of e  - er u  o ar  e er erfa e  b) Mutation of 
Pro  ea  o a a o  of SP2

a ra e ar e  for e ar a o o a  
er e o  of a o o a  o o

SP2  a  SP2  are o e ber  of e 
ar e SP fa y of  a  are o e  

in the progression of certain types of cancer 
u  a  brea  SP2  a  o ore a  a er 

SP2  e e e r  ar y  bo  
e y e  ay  ub ra e e e  
a  u  fu  ere  e u ar ro e  u  
as the regulation of the innate immune 
y e  SP2  a  N  a a e re o e 

SP2   or er o u er a  e o e u ar 
ere e  a  e ab  a ru ura  ba  

for e fu ure e e o e  of e  -
a y- o u a  o ou  bo  u a  

e y e  ere ara er e  Figure 54a  
e ry a  ru ure of e a a y  o a  

of apo SP2  SP2 a  a  o e  by e 
e- a e e  a o a ou  er o  

S  e o  u  ra o  a a o e e  
fro  Se E  er a e  ry a  o e e  a  
beamline ID30A-3 (Figure 54b  Sub e ue y  

e ry a  ru ure  of SP2 a   o e  
 o a e y bou  b- ro ar y a e 

bP  a  SP2 a  apo ere o e  u  
a e a a o e e  a  bea e  ID29 and 

ID23-2 (Figure 54b  

SP2 a  a  SP2 a  o r e a four-
subdomain architecture, with three subdomains 

u b a er  be  re o b e for 
e for a o  of e o er e  SP o a  o 

ro e e S  b  e for e b- ub ra e 
a  e a a y  e re  e four  ub o a  

 orre o  o a re ou y e r be  
er e  e e  of 20 a a  o  of o 

ru ura y  ar  a  u er  e o  of 
secondary structure and a lower, approximately 

- - o  o e - o  ro  a  e e  fro  e 
a  ub o a   er a o  of SP2   e 

re u  of e y e r  a o a o  of o  
ro  rou  a ar e 0 2  y ro ob  
interface located at their upper ends, leading 
o e for a o  of a erry ou e - a e  

arrangement, in which the domain termini that 
connect to the N- and C-terminal substrate 
b  o a  o  o ar  e SP o a  
of e er a e  

e SP2 a  e ra er  for e  by o 
 erfa e  e r  erfa e  y 

ar o e SP2  ro ro  erfa e  e 
e o   for e  by e   a  e e  

perpendicularly from the dimer axis and bind to 
e SP o a  of a e o  SP2  er  ere  
e  are a ore   a e  be ee  e u b 

a  e a   e S  b-b  e  
a  u  e e ra er of er e  SP2 - e 

SP2  er  re re e  a re ou y u o  
au o b e  a e of e e y e  

u our e o e e ue  a a er e  e 
e a o  of Pro    o a e   e 

  re o  a  a o o  e e a  for e 
for a o  of e e ra er   re ue for  
a cis- e e bo   4 Figure 55a  

ereby u  a   e    
required for its correct positioning to mediate 

e er er era o  u a o  of Pro  
a  fou   ere  a er  or re o a  of e 

e re  re o  re e e  e for a o  of 
SP2  e ra er  re ore  b- ea a e a y 

in vitro and led to increased stabilisation of 
e o e  ub ra e  a yra e 2  e  

(Figure 55b   

e o ery of SP2  au o b o  a  e 
elucidation of its mechanism by oligomerisation 



ere a  o er a o  of e 
eub u a e  SP2  a  SP2  

Re u a e  e r e  F  Sauer a   
 e  a  R   o a a y b   

 e er a  R   Na r a  N  Po o  b  
 er a  Mol. Cell. 74  42 -4 e 0  

20  o  0 0 o e 20 02 02  
(a) Rudolf-Virchow Center, University of 

Würzburg (Germany)
(b) Department of Clinical Tumor Biology, 
University Hospital Tübingen (Germany)

N E N  E  F E R N E  R E  
S R RE F E N FERR N R NSFERR N 
RE EP R  P E

CD71 is a transmembrane receptor responsible for iron uptake. The structure of CD71 bound to the human iron 
transporter ferritin revealed that it binds a receptor region that overlaps with the site used by viruses and by the 
malaria parasite to gain entry into human cells. This explains why evolution cannot mutate this region to block 
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ou  ro e a o e  ea  for e e e e 
o u a o  of  a y   a  o  bee  

a e e  o far   o ra  o SP2   

e ra ferr  re e or   e a e  
ro  u a e  a  er ebra e  by or  
ro   o e   ra ferr  f  or ferr  

from serum [1] through a clathrin-dependent 
e o y o  e a  Ferr  a  re e y 

o e  o e re a e a  a o e a  a o-
arr er for ru a o  ue o  a e-

e ru ure a  u ue ar o a ab e  
ou e   e e y o ar   [2], 

which is highly expressed in most cancer 
e  y e    a o a referre  e ry 
o  for u a  a o e  are a ru e  

[3-7]  e a   ru  [8], feline and 
a e ar o ru e  [9], and for the malaria 

parasite, Plasmodium vivax [10,11]   
is a homodimeric transmembrane protein 
o o e  of a ar e e o o a  ub e  
 ro ea e- e  e a  a  a a  o a  

(Figure 56a  [12]  f o a  e e a  
a  e ro ea e- e o a  Figure 56b  
while the apical domain is the binding epitope 
of pathogenic proteins (Figure 56b  No 

ru ura  for a o  a  re ou y bee  
re or e  for e ferr  o e

a a o e e  a  e a  r o  ryo-e e ro  
microscope at CM01 allowed the reconstruction 
by single-particle analysis of a map of the 

- a  ferr  -F  o e  a    
resolution (Figure 57a  -F  b   a  
the apical domain (Figure 57b  a or o  a  

oe  o  o er a   e era  area of f 
but that largely corresponds to the pathogen 
e o e  u a o  o  -F  re ue  o a  
o o  e  o   ro y a e  ferr -

re e or era o  a  ob er e  by urfa e 
a o  re o a e SPR  a  e u ar ferr -

u a e e er e  e -F  ru ure 
re ea e  e e  o   re o e  by 

Fig. 56:  re e or  a  re o o  e o e  a  b  o e   
homodimer is in ribbon (pdb 3KAS [7]  o e o o er   rey  e o er  

o oure  ar ab y o e re e or o a  a)  e o e  for f FE a  
ru e ara e are o   urfa e re re e a o  b) CD71 is shown in complex 

 f ora e urfa e  b S  [13]   e  P  ro e   b 
S  a   f ora e  a  PvRBP2b from P. vivax (blue, pdb 6D04 [11]

a ear  o be o u e y a e  SP2  ay 
be targeted indirectly by the modulation of a 

urre y u o  a a or or re re or

ferritin for physiological access to the cell and 
a ou  for a f- e e e  b  of ferr  
o  a o  ere a  re u a o  of ro  

u a e a  a  a y o o a  ro e for 
e  a a  o a  u a e  o a e  

or a y  a o e  a e a a e  o u o  
e u ar barr er  by  e y o o a  

interaction of ferritin with the CD71 apical 
domain [4]  

 or  ro e  a ou  ru ura  ba e 
o e abora e o  e o b y of e e o  

a er a e  ferr - e a - ra  or - ara e 



Cryo-EM structure of the human ferritin–
transferrin receptor 1 complex,  
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Fig. 57: e u a  
-F  o e  a) Atomic 

model of the complex of 
 ye o  a  -F  

b ue  e   e ryo-E  
map at a global resolution 

of   rey e  
R  o e-u  e  of e 

o a  re o  b) CD71-
-F  era  re o  

Contacting residues (within 
  are o    

representation, labeled and 
coloured according to the 

scheme used for secondary 
structure in panel (a)  

a e  b a  e  a e 
electrostatic interactions, 

dotted grey lines represent 
y ro ob  o a
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SN PS S R N  E F RS  S EP F ENE 
E PRESS N   ES RN  P ER SE RES E 

R NS R P N F ER R N
Errors during DNA transcription can cause RNA polymerase to backtrack and cleave the erroneous part, before 
resuming transcription. Cryo-electron microscopy (cryo-EM) was used to reconstruct four structures of RNA 
polymerase in action, representing the entire reaction pathway and providing insight into the catalytic mechanism 
and dynamics of RNA cleavage and extension.
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e e  for a o  e b ue r  of ea  
or a   e o e   N  e  o a  
decoding of this information is called gene 

e re o  a  o ur   o e  r  N  
 ra r be  o RN  by a ar e  u er a y 

o er e  u - ubu  ro e  e y e  RN  

therapeutic ligands targeting ‘common 
o a  o  e  a a  o a  a  o 

fur er e e o  e e eer  of ferr  a  
a o- arr er



o y era e  e RN  o y  e  ra a e  
into protein by another molecular machine, 

e r bo o e  Ea  e e  e e  o  y 
o ro e  ra r o   e ure  a e  o 

the appropriate genetic information at the right 
e o re o  o e e ro e  e e u e 

e e o e a  ro ra  a  o a a  
o eo a  o e ue y  ra r o  
ee  o o ur   e y   y 

re u a e  a  u  a e  a o  e ery a e  
of o o y  re u a o  o  e o er a  
a  au e a ar e ar e y of ea e   ra e 
o e ue e

One way for cells to regulate gene expression is to 
modulate transcription rates in a process called 
ra r o a  au  Pau  a e orary 

interruption of transcription elongation, can 
be a e e   u e ay  e ay  

rou  a ro e  a e  ba ra  ere 
RN  o y era e o  re er e ra o a e  
along the DNA template, and extrudes the RNA 
ra r  ou  of e e y e a e e  e ery 

same phenomenon plays another important role 
for ra r o a  roof-rea   a  a e  
ba ra  o ur  e  RN  o y era e 
misincorporates a ribonucleoside tri-phosphate 
ub ra e o e ro  RN  ra r  o 
o ue  e e ru e  RN  or o   ea e  

such that the newly generated, shorter RNA 
e  a   e a e e a  ra r o  
re u e   a e of a or ora o   a  

e a e  be e  of re o  e erro eou  ar  
of e ra r  ou   RN  ea a e 
can be catalysed by the RNA polymerase itself, 
it is greatly accelerated by protein transcription 
fa or  u  a  ba er a  re  a  re  or 
eu aryo  F S  e ea a e fa or  a  b  
a ba ra e  RN  o y era e a  o e e  

e a e e of e e y e o a   e RN  
ea a e rea o

S ru ura  a  of ra r o  
RN  Po y era e a ra  a   
Rea a o   b e aree  a b   

 Sa - r  a b   a a  a b  
 Pa a  a b   ru  a b   

uo a b e   r  a b f  a   
e bau er a b  

Mol. Cell 75 2  2 - 0  20  
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 e- ar e ryo-e e ro  ro o y 
ryo-E   a  o b e o a e a o  a o  
e e re rea o  a ay of ba ra  

a  rea a o  u  a e Escherichia coli 
RNA polymerase complexes (Figure 58  -
re o u o  re o ru o  ere ob a e  of  
a ba ra e  o e  before RN  ea a e   
a ba ra e  o e  bou  by e ea a e 
fa or re  before RN  ea a e   a o e  
a er RN  ea a e  a   a rea a e  
complex with a bound ribonucleoside tri-

o a e ub ra e  e a e e

o r a  a a e  ere o e e  o  e 
a  r o  ro o e a  bea e CM01  e 

reconstructions obtained made it possible to 
build atomic models of the RNA polymerase 
for each of the snapshots and to propose the 
following model for the mechanisms of RNA 

ea a e a  rea a o   e ba ra e  
RN  u e  a  a e e o for a o  a  
is incompatible with further RNA extension 
a  o e  a a e  o a o  ea a e fa or 
a e   b  of re  fur er ab e   

a e a e  fa our  b  of o  o e  
 e ea a e rea o  a  e ba ra e  

RN  ub ra e e f ab e  re   a er 
e ea a e o ur  re  a   a e  e 

a e e bu   e  or ere  a   b  
of a ub ra e o e a e e u e  a 
conformation that is no longer accessible for 

re  a  u  e ure  a  ea a e fa or  o 
o  erfere  re u ar RN  e e o

a e  o e er  e ar e ryo-E  a o  e 
ob er a o  of u e ro e  o for a o   
a single dataset and to trap distinct intermediate 
states at a resolution comparable to what can 
be obtained by X-ray crystallography for similar 
o e e

Fig. 58: a) Single-
particle cryo-EM 
reconstruction 
of a functional, 
ba ra e  RN  
polymerase elongation 
o e  re e  o a 

nominal resolution of 
abou  4  
b)  a a o  
a o  o re e 

ere  RN  
polymerase 
conformations 
(compare blue vs  
ora e a  
c)  e a e e  
side chains, ions, and 
nucleic acid bases 
are re o e  e 
ba ra e  or o  
of the RNA transcript 

 b e a  a o er 
o our e e  ree  
e y
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During the 2019 shutdown, many engineers 
and technicians from the Complex Systems 
and Biomedical Sciences (CBS) group were 
seconded to the Accelerator and Source 
division for the assembly of the Extremely 
Brilliant Source (EBS). Working with new 
colleagues on a new project was very useful 
and reinforced team spirit. Otherwise, the 
key activity was to get the beamlines EBS-
ready, preparing for much smaller beams 
and the higher degree of coherence. Three 
Eiger 2-4M detectors with CdTe sensors 
for high-energy radiation were ordered 

         
2019. The data rate from these detectors is 
challenging, not only for data storage, but 
also for extracting useful information, in 
real time, during data acquisition. 

e S rou   re ru  ore a  0 o o  
at the beginning of 2020, replacing those 

o e  before e - o  u o  e 
recruitment and training of the new postdocs 
is a top priority and essential for resuming 
u er o era o   u u  2020  F a y  a ea  
scientist for EBSL1, the coherence beamline, 

a  a o e  e e  bea e  be bu  
o  

e ID02 beamline made use of the shutdown 
o ro e e e er e a  e u  a  a e 

e ro e  e o  or a  a o  
to the beamline is an Eiger 2-4M detector that 

 be e a  S S S S e e or  e 
fu ure   e e or  ro e e e e o  
a ab y  S S S S fro  ea y 
a er  a e  e ab e e ra o  of ea  

a  u er o e  o  a ar e ba rou  
and enhance the data quality in millisecond 

e-re o e  e er e  

e o era o  of e urfa e e e bea e 
ID03 ea e   e au u  of 20  a er 2  
year  of o era o  er e E S u ra e  0  

 o  e fu - e - ro o e bea e 
EBSL2  Par  of e o  urfa e ru e a o  

 ra ua y o e o 0  e e e 
u o  e 0  ea  or e  o  e 

implementation of continuous scans for surface 
science and the upgrade of the BINoculars 
o are  a  ro e  a or  for error 
ro a a o  e ou  e o a  a  re ou  

u er  a  a  for e r e a o  o 0  

ID09  e bea e for e-re o e  u e  
or a e  o or o   20  o e ore 
the potential for new applications and user 

o u e  e r  or o  fo u e  o  e 
complementarity between the FXE beamline 
a  e Euro ea  FE  a  0  u  

e ere e  e re o u o  a  y e of 
experiment (single shot vs  u - o  a  e 

o fa e  e e  a  e bea e  
are o  o abora  ore o e y  e e o  

e  e o  a  ar  o are  e 
e o  or o  re e e  ro re  a  fu ure 
ro e   or - u e e e  ra o  
a er  e ro o y a  a  

A new high-speed chopper will be installed 
 r  2020  a   o b e o erfor  

u - robe e er e  a    e o ere  
femtosecond laser will also be upgraded to 

  For -ray e o  e o  a o  
e ro e er  re e e  e  a a y er   
ro er a e  ou   e eory e  
e e y of a e  e o  e  u a e  

o -re o a e by a  bea  a  a u a e  
a a y a y    o  o b e o re  e 
intensities and optimise the experimental 
parameters (concentration, excitation energy, 
a  a a y er re e o  a  e e or a e  

e a e  o  ID10 ere e o e  o ro  
the instrumentation and encouraging the users 
o a e a a a e of e e  o or u e  

o ere  by e E S  o  e - a o  are 
preparing the infrastructure for the integration 
of a  E er 2-4  e e or  a  o  02   
detector will fully exploit the increased brilliance 
a  er e er e  of e E S   or o  

e a e  o o ere e  a  e S  S oo  
on the characterisation of glass structure, were 
organised to expand the coherence community 
(X-ray photon correlation spectroscopy, or 

P S  a  o ere  -ray ra o  a  
or  a  o e fy e  a a o  u  
as high-pressure research and dynamics in 
ro e  e a  o  e e   

in this chapter, CXDI was used for 3D imaging 
of o o o ore e e o  e ab  a  
between their morphology and mass (page 67

e a e  of e urfa e e e e -
station EH1 concentrated on two-dimensional 

a o a er a  0  a ar er  e 
European project Formation of 2D materials on 
liquid metal catalysts a  2020-FE PEN  

  fu  a rea or for e a  a our 
e o o   of 2  a o a er a  o  u  
e a   of ra e e a  u  ara er e  

on a molten copper surface by X-ray 
re e y a  ra  e e ra o  
In this chapter, a study of a 2D nanomaterial, 
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MXene, is presented on page 81  F a y  e 
beamline is planning new optics for focusing 
the beam to 3 microns at high energies in both 
e - a o  

e b o e a  bea e ID17 oo  
a a a e of e u o  o erfor  a 

a or a e a e a a  Fur er ore  
e  o o ro a or a  refurb e  a  

the pit for the patient positioning system was 
installed in end-station EH1, in preparation for 

robea  Ra a o  era y R  a  
r a  e e     a er 

based on data collected at ID17 comprise 
a study on the response of radio-resistant 

e a o a o R  page 71  a  e r  
direct detection of airway closures in acute 
respiratory distress syndrome (page 73  by 

a e- o ra   a  e o  of e 
o e a  Fa e  ere o e  a y  

be ra e  u  o er e o  o  a  e 
labs will be fully operational for the restart of 
u er o era o  

e ear  for e  ar er  for e 
P      
laboratory (PSCM    ru  o y by 

e ESRF  re u e   e a o e  of 
 ar er  four e  a  o re e a  e 

partners will contribute to new science and 
ru e a o  for e be e  of ESRF 

u er   e era  or a  ro re  a  a e 
 - r e  ro u  o a -re o a e 

and nanocalorimetry-coupled AFM, cryogenic 
a e e ro e  a  fa  a o a e 
a  Ne  ru e  a e   20  

u e  a  e a ua e  o e  a  oa er a  a 
refurb e   ru e

M. WULFF



SE F R N S N F N N R S S 
N  S PER ES
Evaporation-induced assembly of colloidal nanocrystals into highly ordered superstructures is observed in real 
time using in-situ small-angle X-ray scattering. The results show that the superlattice in the swollen state exhibits 
a hexagonal closed-packed structure, which rearranges into the body-centered cubic structure upon complete 
solvent evaporation
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e ab y of o o a  a o ry a  N  o 
form ordered structures by self-assembly is an 
a ra e ay o ro u e fu o a  e e  

o e er  ue o e o e  ue e of u e 
r  for e  a  era o  be ee  e 
or a  ar  ore  or a  o  urfa e- oa  
a  a  urrou  o e  o e u e   

 u  o re  a  o ro  e ob a e  
u er ru ure  o e ue y  a orou  

u er a  of a o e - e a e  a e b y 
process is required to produce nanocrystal 
superlattices with a preferred phase and desired 
properties [1]

ea  u e PbS  a o ry a  ere o e  a  
a model system to study the assembly process 
due to the possibility to produce monodisperse 
particles in a colloidal solution with a precisely 
o ro e  e  oreo er  e o u or 

PbS NCs exhibit unique electronic properties 
 u ab e ba a   a e  e  

a ra e for a y o e a  e o o a  
applications including solar cells, light-emitting 

o e  ra or  o o e e or  e

 e a y e e  a e e ro e  a  
used [2] for in-situ small-angle X-ray scattering 
S S  a  ID02  Figure 59 shows how the real-

time NC assembly was monitored using SAXS in 
ra o  eo e ry u o  o ro e  o e  

e a ora o  fro  a bu  o o a  u e o  
ua - er a  PbS N     a e er 

a   er y ere a e   o e  a  
a  a  o e   a e re  or a  

o e  e a e or o ue e  e o e  a -
ab e  PbS N  ere ra er o   a 

ligand length to nanocrystal radius ratio of 
 a  e b e  a a  ra  e y 

of  4  o e u e 2  e a  a ou  of 
colloidal suspension (< 2   e a ora e   
a ro a e y o our  e e o u o  of e 
a e b y ro e  a  ob er e  a  ere  
points of the three-dimensional sample cell, 
where the superlattice crystallisation occurred 
a o  e e  o  u o  o e e  of 

e e a ora o  fro  Figure 59    
approach, intermediate superlattice states 

Fig. 60: a) e-re o e  S S ur e  ur  e in-situ self-
a e b y of PbS N  fro  a 2   u e o   e a e  
b) E o u o  of e o o  of ra  ea  a  ere  

ea ure e  o  o  e e  o  rey area a e  e 
o e  of e o e e ry  of e y e

Fig. 60
a e b y of PbS
b)

ea ure e  o  o  e e  o  rey area a e  e 
o e  of e o e e ry  of e y e

Fig. 59: a) Schematic representation of the sample cell for the 
in-situ SAXS study of the self-assembly of colloidal PbS NCs 

ur  o ro e  o e  e a ora o   e e a ora o - u e  
a e b y  N  e f-or a e o y or ere  u er a e  

a o  e e  o  b) S a  e e ro  ro o y SE  
a e of e e f-a e b e  u er a e  c) ra o  

e e ro  ro o y E  a e of ua  N



Monitoring Nanocrystal Self-Assembly in 
Rea  e   S u S a - e -Ray 
S a er   o e a a  b   

 oof a  b   a er a   

 r be  a  b  a  F  e er a  b  
Small 15  004  20   

o  0 002 20 004
(a) Deutsches Elektronen-Synchrotron 

(DESY) (Germany)
(b) The Hamburg Centre for Ultrafast 
Imaging (CUI) (Germany)

[    o e  et al., Chem. Rev. 116  220- 2  20
[2   o e a et al., Rev. Sci. Instrum. 90  0 0  20
[  F  e er et al., J. Appl. Crystallogr. 47  - 2  20 4

S N  R F SE  R  FFR N  
PR E 2  R P ENE ERS

The combination and assembly of 2D layered materials such as graphene opens up a wide range of possibilities 
for designing new composite materials with novel functionalities. Understanding the structural properties of 

               
    in situ.
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were recorded with ms time resolution during 
the transition of the colloidal suspension 

o or ere  u er a e  e a e b e  
u er a e  re re e    ar e o a  

e  a  e e   e  ra e

During the assembly, the colloidal suspension 
ry a e  o e e a o a  o e - a e  

 a e  fo o e  by e rearra e e  
o e bo y- e ere  ub  b  u er a e 

(Figure 60a  e -re o e  ra  ea  
indicate high crystallinity of the obtained 
u er ru ure   S S  ra o  
eo e ry   a  o b e o a  o er ere  
er a  o o  o  e e  o  a  
ea ure e rea - e u er a e a e  

Interestingly, at approximately 80 minutes of 
elapsed time, the hcp phase at all measurement 
points rearranged into the bcc superlattice 
(Figure 60b   a e  a  e u er a e 

ru ure  ere   e o a e  a o ere 
a   e r e  a e e  e o e  e a ora e  
o e e y bo  fro  e bu  u e o  a  

fro  e u er a e o

Fur er ore  a a e-  fra o  of o  
ar e  a  fou   e a  b  u er a e 

of   o r  re ou  ob er a o  
a  o  a o ry a  a   a e ore 

e e y a  ar  o e  o a y  -ray 
ro - orre a o  a a y   [3] of Bragg 

re e o  a  arr e  ou   or er o a e  
information on precursor structures in the 
a e b y ro e    o  e e  fro  
o e o a  S S a a y  r u y  e 

 re u  re ea e  e for a o  of a  
amounts of bcc superstructures already in the 
o e  a our- a ura e   u er a e

o o u e  a  in-situ SAXS study was performed 
ur  e rea - e e a ora o - u e  

assembly of colloidal nanocrystals into highly 
or ere  u er a e  For e r  e for 

e e a e  y e  e  u er ru ure 
a  ob er e   e o e  a our- a ura e  

atmosphere, and rearranged into the bcc phase 
u o  ry  e e a e  e o u o  of e 
ry a  ru ure  e ro e  ey re u  

for understanding the assembly mechanism and 
e ro e of a o e  era o  ur  
e ry a a o  ro e  e e  are 

important for the manufacturing of functional 
e e  ba e  o  N  u er a e   
ro ra ab e ro er e

o- e o a  2  ayere  a er a  u  
as graphene are increasingly attracting the 
a e o  of re ear er  a  o a ar e y 
of interesting properties and functionalities, 
and especially with respect to their manifold 

or ora o  o o e  a  er aa  
e ero ru ure   a e  e  of ere  

atomic layers – such as tunnelling transistors, 
resonant tunnelling diodes and light-emitting 
diodes [1]  

e e e a e  of a ab e y e  e o  
[2,3]  e a a  e fo a o  fro  bu  ry a  
remains the prime route to manufacturing 2D 
materials with the highest quality [4]  

o e er  e e of e e  ro u e    
manner is limited, and the characteristic 
dimensions of atomically thin single-crystalline 

a e  are o  e ro e re a e  ue o e 
y era o  o u e  a e  of  e are 
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 ro e  ua  a e  ere robe  by a 
microfocused incident X-ray beam with energies 
of 2 e  λ  0   for e b ayer a  

 e  λ  0 0  for e u ayer e 
ry a  o re ea  ry a o ra  a e  

u e  by e er o  of e  o

Figures 62a and 62c o  e RR ur e  
before and during lithiation of a bilayer and 

u ayer ra e e a e  re e e y  e 
experimental data were then modelled using 
Parra  re ur o  for a  [5]  a   
possible to access characteristic crystallographic 
parameters of the samples, notably the c-axis 
a e a  e er ayer e ara o  c 

was found to increase upon lithiation in bilayer 
single crystals (Figure 62a  a  a o  a ou  
to a lesser degree – in multilayer single crystals 
(Figure 62c  a uab e for a o  u  a  e 

e  rou e  a  e y of ayer  a  
interfaces at the sample surface was also gained 
(Figures 62b and 62d

e e e er e  e o ra e e fea b y 
of in-situ -ray ra o  o  ua  

ro - e  e ry a  of b u ayere  
ra e e a e  u or e  o  a ub ra e o 
re y e a e e ru ura  ro er e  of 

u  u ra  ry a e ayer  ara er  
- a e ra  ea  a  be ob er e  by  

whereas the c-axis lattice spacing can be probed 
by RR  e e a roa e  a   r e  be 
e e e  o ro - e  ry a e ayer  of 
any other material, including those routinely 
produced currently by mechanical exfoliation of 
ayere  o ou

Fig. 61: Schematic 
experimental 

o ura o  for in-
situ -ray ra o  

e a o  o  
the electrochemical 

lithiation of exfoliated 
bilayer graphene 
a e   o e  

e e ro y e ye o  
er e  a  a our e of 

 o  re  ere  
that are forced to 

intercalate between 
the graphene sheets 

rey  e  a a e 
o a e U  is applied 

to a counter electrode 
with respect to the 
b ayer  ur   

process, microfocused 
-ray  o e  ay 
be ra e  fro  

the sample to probe 
ru ura  a e

Fig. 62: S e u ar -ray re e y 
RR  before u er ur e  a  

ur  o er ur e  a o  of 
(a) a bilayer and (c) a multilayer 
ra e e a e  E er e a  a a 

b a   (a) and (c) are calculated 
u  Parra  re ur o  for a  

re   e ara e er  e  
in (b) and (d) re e e y  

Parameters are ρ: the density of 
Si, of SiO2 and of graphitic carbon; 
σ: the roughness of Si, of SiO2 and 

of graphene; d  e e  of 
SiO2; b: the separation between the 
lowest graphene layer and the SiO2 
surface, and c  e ra e e a e  

c-a  a e a

e re e y a e  o e a e by -ray 
ra o  R  For e a e of ra e e  o y 

a fe  R  e a o  a e bee  re or e  
a  e e a e bee  re r e  o -  
systems, with atomically thin samples reaching 

e e e re a e   or  e o ra e  
a  R  a  be u e  o e a e ua  

ro - e  e- ry a e b ayer or 
u ayer ra e e a e  a  ee  o u y 
e a o  of ua  e- ry a  in situ  

ayer a  u ayer ra e e a e  ere 
e a a y e fo a e  fro  bu  ra e a  

then isolated on Si substrates in order to minimise 
e ub ra e R  o r bu o  ra  

e e -ray ra o   a  e oye  
a  N  y ro ro   er a y o robe e 

- a e ra  ea   e o ra e  e 
e- ry a e a ure of e a e  S e u ar 

-ray re e y RR  a  e  arr e  ou  a  
beamline ID03,  or er o e a e in situ the 

a o  of ua  ra e e e- ry a  
A peripheral electrochemical cell was used to 
induce the intercalation of Li ions between the 
graphene sheets, as explained in the experimental 
setup schematic in Figure 61  efore a  ur  



Prob  E fo a e  ra e e ayer  a  
e r a o   rofo u e  -ray  

P  e  a   e a   r er a  
F  Pao u  a  P  o er a  S  Fe er a  

 r e  b  R  Fe  b  a   S e  b  
Nano Lett. 19  4- 40 20   

o  0 02 a a o e b00 4  
(a) Max Planck Institute for Solid State 

Research, Stuttgart (Germany) 
(b) ESRF

[1]  S  No o e o  et al., Science 353  aa 4  20  
[2    et al., 2D Mater. 3  04200  20  
[   a  et al  Nature 550  22 -2  20  
[4   S  No o e o  et al., PNAS 102  04 - 04  200  
[    Parra  Phys. Rev  95   4

 N  F S N E P RE 
S E E NS

Coccolithophores are unicellular algae a few micrometres in size that can produce, through a mechanism that 
                   

were imaged in three dimensions by tomography, allowing a better understanding of the link between their 
morphology and certain organelles of the cell
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Around 210 million years ago, at the end of the 
r a  er o  o e u e u ar a ae be o  
o e a o y e ea e e e o e  e 

ability to produce biogenic calcium carbonate 
a e  or o o  a a o  by e e 

o o o ore  roa ae o e  e 
composition of the ocean (and, as a consequence, 

e a o ere  by ra  o e  or a  
arbo   a  a o a e  e arbo a e 

cycle by forming carbonate-rich deep ocean 
e e  No a ay  o o o ore  are e 

main extant calcifying organisms and form one 
of e a e  a  e  e o e e o   e 

or   o o ere  o o e  of 0 o 0 
o o  

e o e  eu e ra   or o o e  of 
coccoliths are produced inside the cell in the 
o o  e e  a e a e  e e 

sandwiched between the nucleus of the cell and 
e re u ar bo y  e ro   o e e  

exocytosis occurs and the newly formed coccolith 
o  e o o ere urrou  e e  

er a  o o  for a o  re re e  a 
a or a e e  e e  of b o era a o  

ro a eo o o y a  e ro e a  e e  
  u y  e o o o ore e e o  

from the numerically dominant extant family 
Noëlaerhabdaceae (including the genera 
Emiliania, Gephyrocapsa and Reticulofenestra  
were imaged with a resolution close to 30 nm 
using three-dimensional coherent X-ray 

ra o  a   a  bea e ID10  

Comparisons between scanning electron 
ro o y SE  a   a e  a a e  

the accuracy of reconstructions as shown for 

G. oceanica in Figure 63a  e a  
a a a e of  o er SE   o u ra e  

e  or o o y of e o o ere  Ea  
o o  of ea  e e o  a  be e e e  a  

illustrated for E. huxleyi in Figure 63b  Se era  
extracted coccoliths are shown in Figure 63c  
Cross sections show that both shields of the 
coccoliths are out-of-plane inclined by about α ~ 

0   a o  e a or a  e e a o  
e y orre o  o e ur a ure of e u ear 
e bra e o  e o o  e e  

apposed during intracellular formation of 
the coccolith [1,2]  e o a  a ue of e 
inclination of the shield α u e  a o e 
orre a o  be ee  e e of e e  u eu  

a  o o  e

 ey o   a  e a ure o o  
composing the coccosphere exhibit a central 
area  or r  o   ye o   Figure 63c  
reminiscent of an organic template called the 
or a  ba e a e a e  PS  arou   
u ea o  a  ro  of e o o  a e  
a e  y ea ur  e u ber of e e  

n, that is to say the number of single calcite 
crystals composing each coccolith, which are 
radially distributed around the grid as illustrated 
in Figure 63d, it was found that the longer the 
peripheral grid perimeter, the higher the number 
of e e   e r  er e er ear y 

a e   e u ber of e e  e a era e 
width of the segments at the location of the 
perimeter was constant and close to w    

a e er e e e   a  e u e  fro  e e 
analyses that the perimeter of the OBPS controls 

e u ea o  e u ber  a  a era e 
e er o y of arou     o e 



X-ray nanotomography of coccolithophores 
re ea  a  o o  a  a  e e  

u ber orre a e  r  e   
 eu er a b   Prober    
 eaufor    Su ra - ar    

 u  b  F  o o e b  a   
 bau  a  Nat. Commun. 10   

20  o  0 0 4 4 -0 -0 -  
(a) IMMM, Le MANS (France)
(b) ESRF

(c) Universit  Pierre et Marie Curie, Roscoff 
(France) 
(d) Aix Marseille Univ, CNRS, IRD, INRA, Coll 
France, CEREGE, Aix-en-Provence (France)

[  E  Paa e  Phycologia 40  0 - 2  200  
[2    et al., J. Phycol. 54  - 04 20
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correlation between the mass m of coccoliths 
and the number of calcite segments n was also 
ob er e  obey  o a r  a ro a o  e 
relation:

m   4   0 n

with n being the number of calcite segments 
and m e a  of a o o    e re u  

indirectly support the idea that the mass of 
o o   e er e  by e e of e 

PS arou   ry a  u ea o  a e  
a e e ery    a o  e ur a ure 

of o o  a o  fere e of a o e 
correlation between the cell nucleus, the OBPS 
a  o o  e

Fig. 63:  of o o ere  a) o ar o  be ee   SE  a    a e  of G. oceanica RCC1314  b) Scheme showing 
e e o o o y u e  o e ra  e o o  fro  e o o ere   For  e e  E. huxleyi P41  e o e o o ere 

o a  4 o o  a  e e e  o o ar  a r  o o   ree  a  a e  o o ere o a  
 o o  -   ro e ure a  re ea e  u  a  o o  ere e ra e  c) Fro  o  o bo o  a  e  e 

e  a o  e a or a  a  e e  a o  e a or a  a er e o  a f of e e ra e  o o  for four ere  
e e  e r  of R. parvula  o oure  ye o  d) Fro  o o ere o e e   a o o ere of R. parvula   a  

e ra e  o o   ree e ra e  e e   e e  of o e e e



E RES E  R  S ER N  N E S E 
NE S F S N N  E N S  N  

N ER  P R E
Structural changes upon light activation in a cyanobacterial phytochrome have been monitored with X-ray 
scattering. The kinetics of structural changes reveals a complex photoconversion pathway and indicates a time 
window in which the photoreaction can be characterised (e.g., for optogenetic design) in the photosensory region 
independently of the nature of the engineered output domain.
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Phytochromes are light-sensing proteins that 
transduce a light signal into a biochemical output 
to control a number of biological functions in 
plants, bacteria and fungi [1], with a mechanism 

a    u ear  e o o e ory a y 
of phytochromes results from their capacity to 
u er o a - u e  a  re er b e  
between two conformers: a red-light-absorbing 
Pr for  a  a far-re - -ab orb  Pfr for  

e e are ara er e  by   ru ure  
a  e ra  ro er e  P y o ro e  are 
generally soluble and dimeric proteins, with each 

o o er o  of u e o a  e 
protein consists of an N-terminal photosensory 
region that comprises three domains, namely 
a P S  F a  P  o a  a  a - er a  
output domain, which is normally a histidine 

a e o a  

e - e  ro er e  of y o ro e  
result from the presence of a bilin 
chromophore, either phytochromobilin in 
plant phytochromes, phycocyanobilin in 
ya oba er a  y o ro e  or b er   

ba er a  y o ro e    o a e y 
a a e  o a o er e  y e e re ue 

 e F o a  e e a  
photoisomerisation of the bilin chromophore 

a  bee  o r e  by e era  u e   a  

 ar e y u o  o  o er a o  a er  
the bilin conformation, changes the structure of 

e b  b  o e  a  u a e y r er  
a rearrangement of the interface between the 
sensory domain and the adjacent domains, 

 ar u ar e o- a e  ou u  o a   
a  a o u ear f e o o  ob er e   

the sensory domain [2] ere a e e  by e 
presence of the output domain in full-length 

y o ro e

A combination of steady-state and time-
re o e  a - a  e-a e -ray a er  

R-S S  a roa e  a  bea e ID09 
has been used to study the conformational 

a e  a o a y  o o o er o   e 
full-length cyanobacterial phytochrome Cph1 
from Synechocystis sp. P 0  e e  
of structural changes in the full-length protein 
extends to the seconds timescale and is more 
complex than that recently reported for a similar 
phytochrome from Deinococcus radiodurans 
[3]   o ar o  of a a o  e fu - e  
protein with data on the photosensory region 
alone suggests that both localised and global 

a e  o  e  e a e are e e e  
of the presence of the output domain, while 

o e a  o er e  er a y  e 
presence of the output domain (Figure 64a  

Fig. 64: a) Light-
u e  R-S S 

patterns for Cph1 
e ory re o  -  

and full-length protein 
f-  b) Ab initio 

shape reconstructions 
for full-length Cph1 in 
Pr  a  Pfr ree  

a e  c) e a e  
of phytochrome 

o o o er o



P SE E P S N P EN EN  N P SE  SER 
N N S

Pulsed laser ablation in liquids can be used to produce nanoparticles for a wide range of materials without the use 
of harmful additives. In the ablation process, however, the size distribution is not well controlled. Time-resolved 
X-ray scattering reveals how the larger nanoparticles in the size distribution are formed.

Light-induced structural changes in a full-
length cyanobacterial phytochrome probed 
by e-re o e  -ray a er   

  eye  a  S   ar a  a   
 N  Pe er e  b   oo ou e   

E  e a ora a   u  b   e   

 a ara a  N  S  S ru o  a  a   
 S r   Commun. Biol. 2   20  

o  0 0 4200 -0 -0242-0
(a) Manchester Institute of Biotechnology, 
University of Manchester (UK)
(b) ESRF

(c) Institut de Biologie Structurale, CNRS, 
Univ. Grenoble Alpes, Grenoble (France)
(d) Univ. Rennes 1, CNRS, UBL, Institut de 
Physique de Rennes (IPR) - UMR 6251, 
Rennes (France)

[  F  Na y  E  S fer  Annu. Rev. Plant Biol. 53  2 -  2002
[2   a a a et al., Nature 509  24 -24  20 4
[2   r  et al., Sci. Adv. 2  e 00 20 20
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Low-resolution modelling of small-angle data 
u e  a  e ere e   e a -a e 
a er  re e  a ar e o o  of e ou u  

domains (Figure 64b  a   o b e 
o ro o e a o e e e  o e  for e 
ru ura  o o o er o  of e fu - e  

cyanobacterial phytochrome (Figure 64c

e e re u   e   e  o o e e  
tools based on phytochromes, where one of the 
most promising strategies is to replace natural 

output domains with engineered domains 
 a e re  b o o a  fu o  ee  e 

separation between the photosensory region 
dynamics and the output domain on the 

 e a e a e  a    e 
window the photoreaction can be characterised 
independently of the nature of the engineered 
ou u  o a    o y o  o er e a e  
that the structural changes are propagated to 

e ou u  o a   a ro e  a   e y o 
be ra e  rou  e er re o

In pulsed laser ablation in liquids, a solid target 
is irradiated by intense short laser pulses that 

ea  e a er a  o ou a  of e   
leads to the emission of nanoparticulate matter 
[1]  e  ro e   e y u e   e 
synthesis of colloids with unique properties [2], 
the understanding of how these structures are 
formed is hampered by the multiscale nature of 

e e o e a  ea  a  e  of e ar e  
occur on the pico- and nanosecond time scale 
a  e e ro e e  are o er e  by a o -

a e era o  e e o  e  a er a  
e e o  a  a our for a o  a e  a e o  

e ro e re o e re e  a e  e-
re o e  -ray e ue  u  a  a  [3] 
and scattering are being used to elucidate the 
for a o  ro e   a  bee  o  a  e 

a our bubb e for  a  or a  o ar e  
for the enrolling reactions, including stabilisation 
and agglomeration of primary particles [3]   

 or  by o ra  ear er e   ab a o  
ar e o a o  a  ry a a o  are 

e a e  

At beamline ID09, small- and wide-angle X-ray 
a er  S S S  ere u e  o e er e 
e ar e r bu o  a  ry a y ba e  

by a o a  S S a a fro  S S a  S S  e 
u e a er  fro  e urrou  a er 

o e  e a a e of e e o o  o a e  
A miniature chamber was used to refresh the 
target and liquid continuously during the 
exposure to the laser and X-ray beam (Figure 65  

e a e a  u e y ab e o re ea  e 
Fig. 65: - r e  ab a o  a ber  e ar e   o e  by o y er 

fo  a    o e  o uou y o re e  e a er fro  e  



RESP NSE F  R RES S N  E N   
S N R R N R E  R N ER P  R

With an excellent therapeutic index in a melanoma model, and a high tolerance by normal tissue, MRT, developed 
at ID17, could be a new therapeutic approach for radio-resistant melanoma. This study demonstrates its potential 
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pump-probe sequence millions of times, which is 
e e ary for a ur  e re e y ea  a

e -ray bea  robe  e a er a  a  a e  
a e abo e e ar e  o  a  er r bbo  

and probed the ejected particles as a function of 
a er -ray e ay   0 2  abo e e urfa e  

the expanding water bubble intersected the X-ray 
bea    a er e e a o   a 2  a er 
pulse (see snapshots in Figure 66   e bubb e 
fur er e a e  e a  ro e    
fo o e  by a r e u o  bubb e o a e    
consistent with the bubble being homogeneously 

e   a o ar e   a ar e e y 
er e y ro or o a  o e bubb e o u e  

Importantly, some particles were detected 
before e bubb e arr a  ey are ry a e 

 a ar e ry a e a e re   ea  
that the larger particles are not only produced 
by agglomeration, they are also formed during 

e a  a er e e o  ee  a o eer  
simulation has detailed this scenario with laser 
heating of the target leading to melting, but 
also sub-surface phase explosion [4]   a e 
explosion produces atoms, clusters, droplets and 
a u    Ra  ru ure a  ue  
a  e u a our erfa e ea  o ar e 

ro e   u y ry a e  e -
e y a er  fro  of e bubb e  

e e a  o y a a  a  fra o  
the large particles can be detrimental for 
b o o o  a a o  or a a y  a  

o o o a  o o  u  o ro u e   
ay  In-situ X-ray measurements with high 

Fig. 66: a) e-re o e  bubb e e  o  e ar e a  e er e  
fro  e Poro  ar a  e  a  e ry a  e r bu o  fro  e 

S errer  of e ra o  r  bo o  e bubb e ra u   o e e  
by a arabo a b ue e  e e o e  for ar e a  a u e  a 
o o e eou y e  bubb e a  a e  o a  ar e a ou  re  e   

b) S robo o  a o  of e bubb e a  a fu o  of e  

Early appearance of crystalline 
nanoparticles in pulsed laser ablation in 

u  y a  S  Re  a   e e  b  
 e e   N  re ar   
 e b  S  ar o  b  a   

 P e  a  Nanoscale 11  2-  
20  o  0 0 r0 20 f

(a) Institute for Photon Science and 
Synchrotron Radiation, Karlsruhe Institute 
of Technology (Germany)

(b) Technical Chemistry and CENIDE, 
University Duisburg-Essen (Germany)
(c) Paul Scherrer Institute, Villigen 
(Switzerland)
(b) ESRF

[   e o a   e e e  Phys. Chem. Chem. Phys. 15  02 - 04  20  
[2   a  et al., Chem. Rev. 117  0-4 0  20  
[  S  ar o  et al., MRS Bulletin 44  2-  20
[4    S  et al., Nanoscale 10  00- 0 20
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Synchrotron microbeam radiation-therapy 
R  a u ue e o  er e  fro  r  

ra o era y a  e e o e  a  ID17, spatially 

a  er o a y a er a e  ery  o e  
e o- y  by a a  fra o a o  of e bea  
o a y robea    e ue  

temporal resolution directly probe the mass 
distribution and crystallinity of particles formed 
during laser ablation in liquids, which is essential 
for u er a  e ro er e  of e o o
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the deposition of a high dose within the beam 
a  ea  o e  a  o er o e  be ee  e 

robea  a ey o e  e o ra e   
era eu  e e y o  abora ory a a  

bearing carcinomas or gliomas [1], while 
u  ery e  a a e o e or a  

tissue [2]  e e e of e a o a  e 
o  a re e a  ar u ar y rea e -

re a   a er   rea  or e  
Although melanoma is commonly accepted to 
be a radio-resistant tumour, radiotherapy can 
be u e  a  a r - e rea e  for o erab e 
lesions or distant metastases [3]   u y 
ou  o e a ua e a  u er a  e re o e 

of e a o a o R  

B16-F10 melanoma locally implanted in 
ou e ear  ere rra a e  0 o  ay  a er 

a a o   e y ro ro  R  
or broa  bea   rra a o  e  o e 

2 y  a  e u a e  o e R  a ey o e 
e o e   u our  40  y ea  o e 

a  2 y a ey o e  e u our fo o -u  
o e  a y be er u our o ro  by 
R   e oub  of e u our o u e e 
ea ure  a   ay  for R    ay  for 

 a  2  ay  for o - rea e  
tumours (Figure 67  R  o er 

 o  a o a o  of 
e ra u oura  b oo  e e  

supply (Figure 68a  o o a  
analysis demonstrated a 
reduction in the number of 

erfu e  e e  by 24  a  
ay  o - rra a o  bu  

without modifying the number 
of or the area occupied by 

e b oo  e e  oreo er  
e o e ra o  of E F-α 

e rea e  a er R  a   
o are  o  R - rra a e  

tumours showed a decrease 
in the cell proliferation index 

Fig. 67: E e  of rra a o  o  e a o a re ro  e ay  u our ro  ur e 
a er rra a o   R  re   b ue  or a - rra a e  b a  Re  ar  

a  ere e be ee  R  a   or R  rou  ue ar  a  
ere e be ee   a  R  rou  a  ar  a  ere e 

be ee  e R  R  a   rou  ea SE   0 0   0 000

Fig. 68: E e  of R  o  e a o a  
a) u ra o  of erfu e  b oo  e e  

e o our   ree  a  
F -a bu  rro  o - erfu e  e e  

 a  F -a bu -  b) Images of 
R  e  a   r - rra a e  u our  

u o a e  by  re  a  P  b ue  
a   a   a a o  20  a e bar  

00  R  u er or er uare  oo  
 fro  e a e  area  c) Estimation of 

e e e  e  e y er e  of e   R  
re   b ue  a  o ro  b a  u our  

d) Images of immunostained tumour cells 
b ue P    e  re  4  e  
re  Na ura  er  re  a  a ro a e  
re   e o ro  rou  a   o ur or  

a   a   e R  a   rou  a  



Sy ro ro  robea  Ra a o  era y 
a  a Ne  roa  for e rea e  
of Radioresistant Melanoma: Potential 

er y  e a   Po e  a   
 Fer a e -Pa o o a   ou e  a b  
 ra e  a   o e    
a a o e    r    

 a ue a   o are  e  a   
 o o  a  Int. J. Radiat. Oncol. Biol. 

Phys. 105  2 -  20    
o  0 0 rob 20 0 02

(a) Institute of Anatomy, University of Bern 
(Switzerland)
(b) Synchrotron Radiation for Biomedicine, 

INSERM UA7, Grenoble (France)
(c) ESRF
(d) Joint Department of Physics, The 
Institute of Cancer Research and the Royal 
Marsden Hospital, London (UK)
(e) Faculty of Medical Sciences, University 
of Kragujevac (Serbia)

[   E  et al  Radiother. Oncol. 139, -  20
[2   Po e  et al., Int. J. Radiat. Oncol. Biol. Phys. 101  0-  20
[   a a e a  et al  Oncology (Williston Park) 29  4 -  20

RE  E EN E F S  R  S RE N 
E RESP R R  S RESS S N R E

Airway closure is thought to play an important role in acute respiratory distress syndrome (ARDS). Airway closure 
                 

evidence of this phenomenon.
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o are  o   a er ere e 4  by 
 Figure 68b   a o   R - rra a e  

tumours, the proportion of senescent cells was 
a y er o are  o e  rou  

(Figure 68c  o o  ob er a o  a e 
o  a  or a  eu o y e ra o   
e R  rou  a   a r bu e  a y o  

 e  Na ura  er e  a  a ro a e  
(Figure 68d  R - rra a e  u our  re ea e  

 e r roe ro e  a er a ou  of 
y o e  P-  a   P- α, MIP-1β, IL12p40 

a  R N ES a   o are  o - rra a e  
u our

All together, these results suggest that the better 
u our o ro  ee  a er R   e a o a 
 ue o   a re u o   e u our b oo  

u y by a u ar ru o  a  o u o  
ea  o  a  e ra e e for r u a  

a a ory a  u e e   a e rea e 
of the proliferation index, associated with a 

 u our e e e e  a   a e re o  
of y o e  ro u e  by e e e  e  a  

a e ra o  of ere  y e of u e 
e  u  a   e  N  a  a ro a e   

are o e   e eara e of e e e  e  
a  u  o r bu e o u our o ro

R S  a  a u e a a ory u  o o  
associated with high permeability oedema, 
surfactant dysfunction and widespread collapse 
of u o ary a eo  a e  a e e a   
ea  o e rea e  u  o a e a  o u e 

[1]  a  a e o  u e e  a  e 
collapsibility of small airways is increased in 
this clinical syndrome, causing atelectasis [2,3]  

e a e  ar ab y re u re e a a  
e a o  o ur e   fe u or  ea ure 

can worsen lung injury due to exaggerated 
stress and strain applied to the tissue, which 

 a e  by e a a  o o e e y of 
u  ue a  a e e a  E or  o e e o  
e a o  ra e e  a  ro e  e u  

depend on understanding the mechanical 
be a our of u  ue a  a r ay  a  e 

ro a e  o e er  ra o a  o u e  
o o ra y  u e  a e o  bee  ab e 

to clearly identify airway closure as a cause of 
a e e a  ue o e  a a  re o u o  
o be er e fy e e a  o e   

a r ay o ure    e e ary o u y ua  
a r ay  ere  e a e ua  a  a r ay  

Fig. 69:  e  (a) and 3D rendering of a single terminal airway (b) 
e o ra  o ure a  a r ay re ure  re u e  PEEP  o e 

end-expiratory pressure, ZEEP  ero e -e ra ory re ure  c) Re a e 
a e  ro - e o  of a e  ua  a r ay  er u  a r ay 

pressure (Paw   or a  Left,   4  a  R S Right    2  u  
S  a e  a r ay ro - e o



ua  a r ay o ure ara er e  
 o by a e- o ra   a   
ure  rabb  u   ro e a b   

P  P a   Porra e   
 e ru er  f   ra  b   
 Pe e r  a    or e  a  
 Per a  a   ar o  a   
 e e er a a  a  S  aya   
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in intact lungs of anesthetised and mechanically 
e a e  rabb   R S ere u e  u  

high-resolution synchrotron phase-contrast 
computed tomography at beamline ID17  

Pro a a o -ba e  a e- o ra   a  
a  erfor e   a 4  3 o e  e  a  
o e e -e ra ory re ure  PEEP  of 2  
   a  0 2  e a  e ue e 
a  re ea e  a er u  ury u e  by 

urfa a  e e o  rou  o e u  a a e 
a  - a  o u e e a a  e a o   
a e e e  rabb  ro - e o  of e a e 

ua  a r ay  ere ea ure  Figure 69  
Airway collapsibility increased in the injured 
u   a a y fa er ro   a r ay 

cross-section as airway pressure decreased in 

a  a r ay  ra  be ee  2 0  0  
in radius at 12 cmH2  

e a  e a  of a r ay o ure  
a y a e  a r ay   R S a  e e  

a  o a  o a e  Figure 69a  eore a  
u e  u e  a   e a  o e  a  

ab y  e e  of e u   ayer 
of e a r ay a  ere  u  ayer e  

e o re e for e  a  are e era e  au e 
a bu  of e a r ay a  a  a  ea  o 
the collapse of the airway lumen along a certain 
e  oreo er  e a a y  of a r ay ro -
e o   e  re ea e  a  o ure a  

occur at more than one site, sometimes leading 
to gas trapping and distension of the lumen 
(Figure 70  

E e e of o a  o a e of a r ay  
 R S  a e  by e o e e  of 

u  ayer o e e  a  e ro o  
e e   u e  a  a r ay o ure 

and reopening is not merely dependent 
on critical opening and closing pressures 
but is also a highly dynamic, time-
dependent phenomenon [4]   ay 

a e a o  for a e   R S 
u er e a a  e a o  S ra e e  
aiming at reducing the time during which 
respiratory pressure is lowered during the 
brea  y e ay e  re e  a r ay 

o ure

 u y a o u er ore  e ee  for 
fur er e e o e  of fa  -re o u o  
imaging techniques to dynamically image 
lung tissue mechanics at the microscale 
[5]  ea y  e e a  of a brea  

e ru a   be ee  ro o  
lung tissue strain, and initiation and 

a e a e of a a o   ea  
o  or a y e e   R S a e   

 o be e a e  a  y a  -ray 
tomography with synchrotron sources 

ro e  o a e e ay

Fig. 70: Examples of matched airways at baseline (left  a  fo o  u  
injury (right  e o ra  ere  o a o  of a r ay o a e  re e  
o e u e  e e  e ea e  by e re  o e  e  -re ere  a r ay  

reor e e  for be er b y  er re a o  a) Airway closure occurs upstream 
o e ea ure  e e  b) Closure of the downstream end of the studied 

e e  c) Closure in two locations causing trapping of air within the lumen 
of e u e  e e



 E F R E E N E
Hydrogels with adaptive mechanical properties are excellent materials to capture the dynamic nature of life. 

              
response to a minor change in the environment. Small-angle X-ray scattering (SAXS) experiments were essential 
to elucidate the mechanism of internal force transfer.
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Na ure u e  e a a  ue  for a broa  ar e y 
of e u ar ro e e  e   a o e e  

a  e e  of e e  urrou  are 
ru a  for e r e e o e  [1], the mechanical 

properties of naturally occurring gels are far 
fro  o a  a y ue  o e  or e  

ue o e ra a o  ea e e e o e  or 
contraction, for instance muscles [2]  ou  

e e ru  of fe- e y ro e   u -
re o e ro er e   e a  [3], capturing 

e e a a e e a a  ro er e  in vitro 
  u e a e   or  re or  e 
e e o e  of a y e  y ro e  ba e  o  
o y o ya e  P  a  u ue y  e 

mechanical properties of biological gels [4]  
e  for a o   er a y u e  rou  

the assembly of polymer chains into bundles 
(Figure 71a  [5]  e re u  e or   re -

e  i.e.  e y ro e  ay  a r  
rea e  e e  e  re e

 er e e ra  e or  a  e e  
o o e  of P  a  e er ore o e o y N-
o ro y a ry a e  PN P  Figure 71a  

A minute change in the temperature collapses 
e PN P  e or  Figure 71a  ra ferr  

the forces of the collapsing chains onto the PIC 
e or   er a  re  r er  e re -

e  re o e  re u   a ar  a  
a  rea e of e ora e o u u  G  of 

more than 10 times (Figure 71b  e e  
re o e  o e e y re er b e a  o ro e  
by e y ro e  o o o  e ra o  
e era ure a  be u e  a  e re  oreo er  
ua a o  of e e era e  for e  o  

re ar ab e ar e   er a y re e  
e or  of a  a  yo  o or  e 

bu  b o  re o b e for e o ra o  of 
e e a  u e

SAXS experiments at BM26 made it possible to 
elucidate the mechanism of force transduction 
(Figure 72  S a er  of e er e e ra  

e or  a  o a e  by e o r bu o  
of e P  e or  a a a  o e e  a  
e era ure    e PN P  e or   

swollen (T  0  a  o a e  T  40  e 
a a a  e  e  o a o o e o e  a  

combines the scattering contribution of the PIC 
bu e  o o e o  or e a  o e  [6] 
a  of e e or  u  e e o e o o a  
orre a o  e  o e  

I(q   Ibundles(q   I e or (q

Fig. 71: a) 
Interpenetrating 

e or  o o e  of 
P  re  a  PN P  

ree  b) Heating 
the hybrid hydrogel 

e  e e or  
at temperatures 
abo e e o er 
critical solution 
e era ure S  of 

PN P

Fig. 72: S S ro e  
of P  e or  a  
T  0  b ue  a  
T  40  re   
PNIPAM contributions 
ub ra e  a  be   

using the composite 
o e  e  



S R R  N S F SSE N   
N N P R ES

The formation mechanism of polymer-coated gold nanoparticles during hydrophobic collapse and clustering was 
studied in situ using time-resolved small-angle X-ray scattering (TR-SAXS). The results provide insights into the 
interaction energies between particles and their polymer shell dynamics during rapid solvent mixing.
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F  e ur e  re ea  a  e P  e or  
becomes denser (increase in the Porod exponent 
p  a  e a era e ore e x  e rea e  

 PN P  o a e  e re u  o r  

that, indeed, the conformational changes of 
e PN P  e or  er a y re  e P  

e or  a  ub e ue y u e e ar e 
e  re o e

So e - u e  e f-a e b y of a o ar e  
r e  by y ro ob  era o   a u  

a e   a o e e  ra e y o fabr a e 

o e  ar e ure   a bo o -u  fa o
Polystyrene-stabilised gold nanoparticles (Au@
PS  of ere  a e  a e bee  u e  o bu  a 

Fig. 73: a) Illustration of polystyrene-
coated gold nanoparticles  

u PS  u er o  a o e - u e  
hydrophobic collapse triggered by 

ro u  ra    
b-c) ra o  e e ro  ro ra  

of u PS a e er 2    (b) 
F oo  o e  a  (c) water (poor 

o e  S a e bar  00   
d) e  of a  o -fo u  rea or 

for studying nanoparticle  
e f-a e b y  u PS  F u er o 
clustering upon mixing with water in  

a Kapton-based hydrodynamic  
 o -fo u  rea or  Rea - e 

N R e ro o y o e  e 
optical properties of the assemblies at 

e rea or ou e   
On-chip SAXS analysis along the 

a e  or o o a y o e o  a  
e a era  fo u  re o  a o  

e-re o e  ru ura  a e  
of the polymer shell and clustering 

nanoparticles upon mixing to be 
e er e
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ar e y of ru ure  u  er a  u er  
y a  a - e a e b e  e e  or 

o - y e ry er  S e e a or ar  of 
e e ar e ure  are e  ro u  e r 

structure and quality depends on the way the 
o - o e  a er   a e  o a er o  

of nanoparticles, which are coated with a 
radially distributed polymer shell in a good 
o e  u  a  e y for a e F  or 
e ra y rofura  F   a  bee  re or e  a  
a er a o  u e  y ro ob  o a e , a 

transition from random coil to compact globule 
of e ra e  o y er   e e ua y ea  
o e for a o  of re o- e  o y er  

patches or compact shells on the surface of 
e or a  ore  ou  e y ro ob  

o a e of ra e  o y er   u er oo  
a  a e o e u e e e   re a  oor y 

e a e   o o a  y e  ur  e 
e f-a e b y ro e  f ar u ar re e a e 

are how fast the polymer shell collapses and 
how fast the particles agglomerate in reaction 
o  e e

o u y e y a  of urfa e e o e a 
a  e f-a e b y  re o e o e ro e a  
changes in situ  e era  re u re e  ou  
be met: ensuring reproducible and controllable 
o e   a er  F  o  e e a  
o e ra o  of o e  a  a o ar e  

a  e e  rea - e a a y  

-ray o a b e ro u  e e   
- y ro y a  o -fo u  eo e r e  

(Figure 73d  ro e a u ab e e er e a  
e ro e  o ee  e abo e re u re e  
[1,2]    or  e o b a o  of -ray 

robea  a  a  u e  a o  
e o uou  a ar o  a  u e  for e 

o e o  of e-re o e  S S a a a  bea e 
ID02 (Figure 74b   a a a  o e e e  
by a o a  e ue  o re o e e 

y a  of e o e - u e  e f-a e b y 
of o y yre e- oa e  o  a o ar e  -
chip SAXS analysis of the entire channel of the 
rea or ro e  for a o  o  e y ro ob  
shell collapse, demonstrating that the thiol-
er a e  o y yre e of  o  ra e  o  
o  a o ar e urfa e  e er e e  re a e y 

fa  o a e  e ra e of 00- 00  
e o e e of e y a  of e o y er 

shell and the amount of water at each point of 
the channel made it possible to estimate the 
e er y o e a  of e era  a o ar e  
It was found that the aggregation process of 
Au@PS nanoparticles starts once the polymer 

e  are fu y o a e  e e  u or  
e ea a  e er e a y ra e  a  

clusters or larger aggregates can be obtained by 
e ra e of o e   e e  ra e 

determines the interaction potential landscape 
ur  o e - u e  o  a o ar e e f-

a e b y

Fig. 74: a) o  e  of e 
longitudinal cross-section of a 

u a e  r bu o  of F 
o e ra o   e a e  

e o a  o  ra e a  e  
constant (Qtot  00  

e e o  ra e ra o FRR  
of H2O:[AuNP]:H2  a  ar e  
between 2 = 1:1:1, 
4  2 2 a  0   
b) S a er  ur e  of o -
focused Au@PS obtained at 

ar ou  o rea  a e  
positions xc  e e o  
corresponds to  
tmin  4      tmax  2   

e b a  r e  orre o  
to the data points while red 
ur e  orre o  o a  

model for disordered hard 
sphere assemblies (Percus-
e  c-d) e ora  

e o u o  of e e e e 
particle radius Reff (c) and 

e ar  ere o u e 
fraction η (d) along the 

ro u  a e  a   
FRR = 2, 4, and 10, 
re e e y  o   
parameters reach an onset 

a e  r e  a  a 
fast collapse of the polymer 

e
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with computational simulations to unveil the interaction of cationic gold nanoparticles with synthetic lipid 
bilayers, a mimic of plasma membrane
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Fundamental experimental and theoretical 
studies simulating the interaction of 

a o a er a   b ore e a  erfa e  
re re e  a a uab e a roa  o ro  

o e e  e e  a  er  e era  
concepts [1-3]  e a  of  u y a  o 

er e e er e a  e e e ob a e  by 
RR  o fo a  ro o y a  uore e e 
orre a o  e ro o y F S   o u er 

u a o  o e u ar y a   o 
describe the interaction of cationic gold 

a o ar e  uNP    e bra e  
o o e  of a  ure of er o

anionic phospholipids, both from a structural 
a  y a a  er e e

Figure 75a shows the confocal microscopy 
images of the lipid membrane before (upper 

a e  a  a er o er a e  uba o  
 uNP  e e e  of uNP  o  e  

membrane is a decrease in the homogeneity of 
the label distribution, which is attributable to the 
formation of areas where the membrane integrity 

 o   or er o ob a  e  for a o  
abou  e e e  of e uNP  o  e ru ure 
of the lipid bilayer at a nanometric length scale, 
XRR was performed at ID03  Figure 75b shows 

e RR ur e  ea ure  o  e u or e   
b ayer before ree  ur e  a  a er ur e 
ur e  uba o   uNP  a  o e 
e y of e e ue o e erfa a  

features of the membrane, it was possible 
o ea ure a e rea e  e e  a  

increase of roughness 
of the membrane 
upon the addition of 
AuNPs, as highlighted 
by the scattering 
e  e y ro e 

Fig. 75: Structural 
e e  of uNP  o  

e  e bra e   
a) Confocal 

ro o y a e   
b) RR ur e   

c)  u a o
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along the surface normal (Figure 75b  e  
 re u  o r  o fo a  ro o y a a 

and suggests that strong interaction between 
the AuNPs and the target lipid membrane occurs, 
leading to lipid extraction from the bilayer and 
o a e  e bra e ru o  e o e a  

MD was used as complementary tool to 
e a e a  e o e u ar e e  e 

structural and dynamic properties of AuNPs 
a  e erfa e  e  b ayer  o  
aim, the same experimental composition 
of  a  u a e  Figure 75c shows 

e o  e  of e   e bra e   
ar u ar e r bu o  of e er o  

 P P  b ue  a  e a o   P P  
ree  before u er a e  a  a er o er 

a e  a o  of uNP  re  e a e o  
of AuNPs to the lipid membrane, which is 

a y r e  by e e ro a  era o  a  
entropic contributions, leads to a lateral phase 
separation of the membrane, with formation 
of e a e y ar e  a e  area  e r e  
with the anionic lipid in correspondence to 

e uNP a e o  o  e e e a e y 
charged areas of the membrane attract other 
AuNPs, promoting the formation of clusters 
on the lipid membrane, ultimately leading 
to lipid extraction and membrane disruption 
phenomena experimentally highlighted through 

RR a  o fo a  ro o y e er e

 a  a o o b e o a e  e e e  of e 
uNP  o  e u y of e  e bra e  

o e ar a o   rea  e  e bra e   
or a   e era  b o o a y re e a  

e o e a  a  e  ra  F S a  u e  
o ra  e u o  of a  uore e  ye 

embedded in the lipid membrane (Figure 76a  
e F S ur e  ea ure   free- a   
e bra e  before ree  ur e  a  a er 
ur e ur e  uba o   uNP   

a a  e rea e  e u o  oe e  
of e uore e   u o  era o   

AuNPs, consistent with an increased rigidity of 
e  e bra e   u a o  e a  e 

or  of  e e  e ra e or e  of e uNP  
a  of e a o  P P    orre o e e 
to the AuNP adhesion point (Figure 76b  o  

a  e u o  of e a o    e  
to that of the adhered AuNPs; the presence of 

 a e  u o   o e   a o a  
rea e  a era  r y of e e bra e  

Figure 76c o er  a ua  a  o u er a  
e e a  of  e o e o  e a e 

shows a lateral section of the bilayer upon 
AuNP adhesion: when the AuNP approaches the 
membrane, the lipids start to tilt, to maximise 

e era o   e uNP a  a e  
e  a e b e  be o  e a ere  uNP 

a u e a o a  a e o be er o  e uNP  
Interestingly, the whole conical structure follows 

e o o  of e a ere  uNP  

e o b a o  of eore a  a  e er e a  
studies on the interaction of NPs with biomimetic 
y e   a a uab e a roa  o er e ba  
o e  o  a o b o erfa e    
o r bu e o ro  fu a e a  o e e 

o   o

Fig. 76: y a a  e e  of uNP  o  e  
e bra e  a) F S ur e  b) MD trajectories of 

e uNP a  P P  re or e   a ar e o y 
e or  b a  arro  c) Lateral section of a AuNP 

era   a  P P P P  b ayer
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mechanism was still unknown. Using time-resolved small- and wide-angle X-ray scattering (SAXS/WAXS), it is 

               
grow in a curved fashion.
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Colloidal semi-conducting nanoplatelets 
NP  are  2  a o ar e  a  ay 

outstanding optical properties (Figure 77a  e 
e re e ua u  o e e  o urr  a o  

e r e  o ro e  a  e a o  e e   
the nanometre range, yields a monochromatic 
e o  a  u ab e a e e  a  
oscillator strength and record low lasing 

re o  o e er  e e a  by  
these NPL form in solution from molecular 

re ur or  a  u o  r a o e a  
precursors of cadmium and selenium were 

e   a o e  a  ea e  o e era ure  
ra  fro  0 o 2 0  Se era  y o e e  

a e bee  ro o e   e era ure u  a  a 
o  e a  e e    u ea o  a  
ro   r u r be   e o e  a e 

of a urfa a  e o- a e  o er o b e 
pathway is the anisotropic assembly of small 
spherical nanoclusters into NPL, where many 

a  u er  r  for   o u o  a  e  
r e  a  re ru ure o y e  ry a e NP  

e a  e a   a o ro  ro  
where initial seeds grow through the addition 
of monomers in an anisotropic fashion due to a 

e  ab y   or er o ro e or ro e 
e e ere  y o e e  e ru ure of 

the solution during the formation of the NPLs 
needed to be probed in situ    a u  
a  e e for a o  o ur  o er a fe  

minutes, at high temperatures and with length 
scales spanning from atomic distances for the 
crystalline structure to hundreds of nanometres 
for e a era  e o  of e NP  

e S S S e -u  a  bea e ID02 was 
u e  for e e e er e   ea  e o  
for e y e  of NP  a  e e  o  
of mixing Cd and Se precursors and heating 

e   o a e e e o e e re  e era ure  
S S a  S a er  ere a u re  in situ 

ur  e u ea o  a  ro  of e NP  
e e o u o  of e S S a er  a e a  

as the temperature increases, the precursors 
r  o ub e e e e y a  o   
e rea e  er a fe  u e  e a ere  

e y rea e  ar  e o e  of 
ar e for a o  e  e ar e  ar  o 

form, there is no sign of a molecular template 
in the SAXS patterns (e.g.  a  a er  ea  
As the temperature further increases, the SAXS 
signal changes and a straight line with a q-2 

o e a ear  a  er e a e a e e or  
(Figure 78a   e o e   e a ure 
of 2  ob e   o u o  Fur er ore   -2 
regime extends towards smaller and smaller 
q with time, showing an increase in the lateral 

e o  of e a  ob e   or er o 
 ou  f e a  a e  ue o a o ro  

ripening of nuclei or 2D growth from solution, 
a typical SAXS signal was calculated, showing 

a  ou  a e bee  ob er e  f Se  e 
NPL was present in solution as small spherical 

u e   a  o u e  fro  e ab e e of  
signal, that growth occurs through the addition 
of o o er  fro  o u o  

e  e e era ure a  e rea e  fro  
200  o 0  e a e e ue e of e e  

Fig. 77: a) b orba e e ru  of Se a o a e e  a  o o ra  of e u e e e u er  rra a o  
Electron microscopy image of (b) a  a  (c) be  NP
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occurred: solubilisation of the precursors and 
onset of 2D growth seen through the extension 
of a q-2 re e  Sur r y  o a o   e 
SAXS intensity appear in a reproducible fashion 

ea  of e ra  e ob er e  for er 
temperature (Figure 78b  e e o a o  
are due to the bending of the NPL in a scroll-

e fa o  Figure 77c  er e e e  of 
the surface stress imposed by the ligands at the 
nanocrystal–solution interface, the NPL relaxes 
by a o  a be  o ura o  e e o u o  
of the oscillation position with time indicates 

a  e ra u  of ur a ure  o a   
the NPL grow and reach a lateral dimension of 

Fig. 78: e er e  of S S a er  ur  e NP  u ea o  a  ro  (a) for a a  
temperature of 200°C and (b) for a a  e era ure of 0

e a e or er of a u e a   ur a ure 
radius, the oscillations appear while the NPL 
ou  be o ere  a  for a er a era  

e o  e e re u  u  ro e a  e 
ur a ure a ear  ur  e ro  of e NP  
 o u o  a  o  a er e r y e

e for a o  e a  of Se a o a e e  
a  robe  by e-re o e  in-situ SAXS and 

S  e a a o  a  a o ro  ro  
occurs through monomer-addition from solution 
a  o  fro  e a  or a o ro  r e  
It also shows that they bend in solution during 

e r ro   a o a  ra u  of ur a ure

F R N N  R ER S N F MXene 
N ER  E R  N ERF E

                 
               

an acidic sub-phase and then transferred onto solid substrates by the Langmuir-Blodgett approach for further 
characterisation.

Fu ure e era o  of a oe e ro  e e  
will be based on multilayer combinations of 

o- e o a  a o a er a  2  N  
re u r  e  y e  of 2  N  a  o e  ay  
of o e u e e o o  for bu  fu o a  

e e  2  N  u  a  ra e e a  
o yb e u  u e a e a ra e  ere  

because of their outstanding properties and 
ro  ro e  for a a o  Re e y  

a new family of 2D NMs called MXenes, with a 
general formula Mn+1Xn x (where n=1÷3, M is an 
ear y ra o  e a     a or N  a   
are ar ou  er a  rou  -   -F  a  

o ere  [1]  o  e e o ou  e b  
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e a  o u y  y ro y a   
e b y  ue o e u ue o b a o  of e e 

properties, MXenes can be utilised successfully 
 ar ou  a a o  fro  a ufa ur  

transparent electrodes or tunable optoelectronic 
e e  o e er y ora e e e  a  e e e 
e bra e  for u a e y  urre  e ue  

u  a  - a  ray- oa  y a y o er 
oor or o o a  o ro  for 2    
ere  for e r  e  a e e o o ayer  

created on an aqueous surface with a subsequent 
transfer to a solid substrate by Langmuir-

o e   e o o  o  e e  u or

e for a o  a  ru ure of e e e 
monolayer at the air–liquid interface was 
characterised at beamline ID10 by in-situ X-ray 
re e y RR  ra - e e -ray 

uore e e RF  a  ra - e e 
-ray ra o  R  e ue  o 

perform studies on liquid surfaces with X-ray 
scattering, the X-ray beam has to be tilted from 

e or o a  a e  e e re  a u ar 
ra e  0  e e  for re ear  o  u  
surfaces and interfaces, with a beam steering 

e a  oub e ry a  e e or [2]  
a  a a u r rou  o a  o -bea  
measurements of surface pressure isotherms 
were performed on a Langmuir trough at the 
Par er  for So  o e e  a er PSCM  
abora ory  

e urfa e ru ure of e e u e o  
a   e o u o   e a  u e  by RR 
re or e   er e  o er a er o  of  a er 

orou  e e o  er  Figure 79a  
A schematic illustration of the reconstructed 
structures is presented in Figures 79b-d   

u y re ea e  a  e ra er o  urfa e 
o era e a  o  e  a e  e e 

layer assembly at neutral or slightly basic 
e ro e  oor y a ab e for e o o a  
a  bu  e ro e  a  be boo e  by e 

addition of cationic surfactants (Figures 79b-c  
e e  of urfa e ayer for a o  o  a  

acidic sub-phase (Figure 79d  e ra e  fro  
RR a a a e  a ro re e rea e of 
o era e  e o a eou  a e b y of e e  

in this case, is promoted by the amphiphilic 
nature of MXene layers, coming from the sub-

a e a  ay  a  e urfa e  e for a o  
of dense surface layers on the acidic suspension 
o e  e   a u  rea e of urfa e 
e o   e a  e - e e  o re o  
o er  of urfa e ayer  e  for e  

on the acidic suspension were transferred onto 
inclined solid substrates by LB technique, then 
characterised by scanning electron microscopy 
SE  a  a o  for e ro o y F  e 

formation of the MXene layer at the air–liquid 
erfa e  e  ro e  by RF e ro o y 

u ra  ro  uore e e of e a u  
- e Figures 79e-f  

u  e o a eou  a e b y of 3C2 x 
e e ayer  o o o ayer  a  e a r

a er erfa e  ob er e  bo   ba  a  
a  u e o  e re  a e b y of a 

- -  3C2 x monolayer appears at 
the liquid–air interface at pH~8, while anion 
oor a o  of e e a e   e for a o  

of a Braq
 - 3C2 x ub- a e erfa e o ur  

fro  e a  e u  e e a e  a  
the interface can be assembled into a dense 

o o ayer  by ayer o re o   a 
urfa e re ure a a  40 N   e a e 

Fig. 79: a) RR a a y bo  a  a a  e  a  (b-d) interface models for liquid–air interfaces of pure water 
b a  e f-a e b e   o  e e u e o      a e  for  ree  e a e  a er a o  of 

o e y r e y a o u  bro e  a  0  e ay b ue  ure   o  a er ya  a  e f-a e b e  
 o  e e u e o      a e  for  re  RF e ra for fre y er e  a   a e  e f-a e b e   

on MXene suspensions with pH = 8 (e) a     (f)



Spontaneous MXene monolayer assembly 
at the liquid-air interface,  

  Pe u o  a   P  u a o  b   
 S  a  a    ebe e  a   

  E ee  a   o o a o  b  a   
  E ee  a  Nanoscale, 11  0-  

20  o 0 0 r00 2
(a) Lomonosov Moscow State University 

(Russia)
(b) ESRF

[   Na u b et al., Adv. Mater  23  424 -42  20
[2   o a  et al., J. Synchrotron Rad  13  42 -4  200
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of a  a  ub- a e  For e  ayer  a  be 
readily transferred onto solid substrates by 
o e o a   e re e e  a roa  a  

ea y be e a e  for a  e e e fa y  

 ro e  a a ay for e e o o  
of multilayered structures for automated 

a ufa ur  of - ua y e e  for 
ra are  e e ro e  or e bra e



     
     

of the multidisciplinary nature of the 
     

by the ESRF’s X-ray Nanoprobe (XNP) group. 
P       

probing either the elemental composition 
     

used at ID16A, ID16B and ID21), the 
chemical composition (via X-ray absorption 
spectroscopy (XAS) at ID16B and ID21), the 
electron density distribution (via phase-
contrast nanotomography at ID16A and 
ID16B), or the shape of nano-objects (via 

     1  
ID13) but also physical properties such as 
lattice strain (via micro- and nano-X-ray 

  1  1   16

 or fo o of 2  a   a  e ue  
is applied to a plethora of materials in a wide 

ar e y of e  o a  fro  ar  a o-
objects (e.g., single Pt nanoparticles, used for 
catalysis (page 91  a    e.g., metal 

a e ero e o ar e  page 86  o 
biological materials (page 99  a  o ab y  
b o era  for e a e  a e u e of a 

ro u  e e for e in-situ study of 
calcium carbonate precipitation (page 94  or 
the detection of Zn–hydroxyapatite in the early 

a e  of o eo e  ere a o  page 97  
Fur er ore  NP bea e  are e e e y 
used to study the interactions between synthetic 
materials and biological systems, including in 

ru  e e o e  for e rea e  of brea  
cancer, page 100  or e a  e o ure 
(e.g., to needle debris deposited during tattoo 
application, page 95  e a ab y o robe 
simultaneously biological and manufactured 
y e  e ab e  e e e o e  of a o-

ob e  a  are afer by e  page 102

Imaging experiments aim to characterise 
materials but also to follow their stability or 
degradation throughout their lifecycle, for 

a e   u - o  ba er e  e e ree of 
local damage in a composite electrode has been 
followed as a function of cycling history, both ex-
situ with ultimate resolution at beamline ID16A 
(page 87  a  in-situ (i.e. during cycles of 

ar e a  ar e   o e a  re u e  
resolution at beamline ID16B (page 89  In-
situ or operando will indeed be an important 
aspect of the XNP portfolio, post-Extremely 

r a  Sour e E S   rea e  u  a  
ro e  e e o  e o o e  e ura o  

of standard experiments will dramatically 
e rea e  a   ea er o u y y a a  

y e  a  fa  rea o  Fa er a u o  
 a o be be e a  o e u y of a  

materials such as fragments from historical 
paintings (page 92  e rea e  e  e 

ea  a  a y er rou u   
o  e or o  a  a ar er ra e of a e  
(e.g., historical but also model paints, an 
increased number of replicates of biological 
a e  a  be u e  For -ray ab or o  

spectroscopy, it means that multi-spectral 
a  RF a  a  fe  e er e  a  be 

upgraded into hyper-spectral mapping (µXRF 
a  a  u re  of e er e  ro  e 

ua y of e a  a  

e u e of oo  ro e  by ID01  be e  
from the increased brilliance of the new source, 

ar u ar y o e e o  e o ere e  
Pr or o e u o  er o  -  bea  

ere a e e  o  0  a   be a a ab e 
a  e ar  of E S   e ea e  0  a  
o ue  o o e  e u e  Pro o y e  for 
a er- oo e  er o  of  - e era ure  
a - o a b e  a e e ro e  a e 

been tested at other synchrotron facilities with 
rea  u e  e e ra o  a  a bra o  

of a new remote-controlled retractable light 
ro o e  ro  eye  o  e a e   

e u  a u  be er a e of e ab o u e 
position of the sample at all times, therefore 
re o  o e of e a or our e  of error 
encountered in most experiments where 

u e ra  re e o  ere ou

In 2020, ID13 will continue adapting and 
o  e bea e  a ab e  for E S 
o era o   u e  e e e a o  
of the ESRF data policy with the new BLISS 
bea e o ro  o are  o a e be  u e of 
the EBS, with assistance from the ESRF X-ray 
optics group, an upgrade of the monochromator, 
replacing the existing channel-cut crystal by 
a  o a y o e  er o  ro u e   
o abora o   e er y of a a  
 a e  for u er 2020  a e  o  e 

rea e  u  e y a a e   ro-
nano-beam focal spots, together with a 

a y rea e  a  erfor a e  
ra o  e er e  o b  a a   

e ora  re o u o   be o e o b e

At the nano-imaging beamline ID16A, 
orre a e ro o y  rea y u e  

e  ryo  -ray uore e e a  a e 
contrast nanotomography are combined both 

ua a e y a  ua a e y  e  ryo 
orre a e  ro o y  be a a ab e 
o e e  o a  a e  a  o abe  e  
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e u ar ru ure  e u o  a  bee  a  
a e er o  o re are e ru e  for e 
E S   ar u ar  fa er a   be o e 
possible with a replacement of the rotation, and 

 a ofo u   be ro e  a   e  
Key to the exploitation of EBS is the detector 
e o o y   e  u -e e e  S  e e or 

for -ray uore e e a  a ar e-area a e 
sensor for phase-contrast nanotomography are 
u er e e a o

In-situ and operando measurements are 
a  e e a  ar  of e re ear  a y 
addressed by ID16B  e e are a o a o  e 
e er e  a  a  be e  e o  fro  e 

rea e  u  of E S  e o - o  u ra e of 
the in-situ e ro e  of   a e 
them better adapted to new experiments that 

ere re ou y e  by e a u o  
time, especially for nanotomography and XAS 

ara er a o  E S  ro e e a a 
quality, detection limits and measurement time 
on ID16B but will also increase the number of 
experiments needing cryo-conditions and 
fa er a u o   or er o a o  a y o e a  
ra a o  a a e o  e a e  e e u  
a  ro e  ryo a  a a ab e o    

ro e e ee e  ryo- o o  erea  
the new readout electronics for the XRF detectors 

 re u e e a  e o erab y

Finally, the refurbishment on ID21 is 
ro re  er e re a e e  of o  of 

the equipment in the optics hutches in 2018, 
e or  are o  o e ra e  o  e e  of 
a e  a o o e o be e e e   202  
which will complement the existing microscope 
o era o a  a  re ar  o  of e   or  

 a uu  o o   a  o o a  ryo 
stage, and will be dedicated to elemental and 

e a o  a  a RF a  S  e  
2-  e  ra e   ro e  o  
mechanics and detectors, the nanoscope 
should outperform the microscope, notably 

 a bea  e of 00 00 2  e re e  
microscope will be maintained to study large 
samples (with millimetric or micrometric 
bea

M. COTTE
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with defect concentrations and non-radiative recombination. The results suggest new pathways to improve 
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e a  a e ero e  are e era  
e or ou  e e e  for o oe e ro  e e  
including solar cells and LEDs [1,2]  o e er  
there are still a number of defects trapping charge 
arr er   ea  o o er o e   e e  

 or  e o ra e  a  e e efe  re a e 
to complicated strain patterns that appear on 

u e e  a e   ero e  

At the micron-scale, scanning micro X-ray 
ra o  R  ea ure e  ere orre a e  
 P  ea ure e  o  e a e ero e  

area  re ea  a  o a  ra  ea  o efe  
u  a  a e a a e  a o a e   o a  
o -ra a e e ay Figure 80   e a o a e  
a  a ofo u  -ray ra o  R  

measurements were carried out at beamline ID13 
o  a ar e y of ero e  [3]  

 u er o  for e 0  or e a o   
shown in Figure 81  ra o  o  a a e  
both in spatial coordinates and in reciprocal 
space coordinates are considered as belonging 

to the same cluster, here indicated as ‘super-
ra  o u er- ra   e ar e  
o ere  area  a u a e  a  e u ber of 

pixels within the super-grain times the pixel 
area  are e   Figure 81a  e e 
also exhibit local strain (q  ar a o   
their dimensions (Figures 81b-c  o e  

 ar a o  ob er e   e R  a  
e u er- ra  e  for e 0  re e o  

plotted in Figure 81d shows that these largest 
re o  e e  e  beyo  e ra  e 
ob er e   a  e e ro  ro o y SE  

a e   ar y  e e   e r e 
cation MA0 FA0 Cs0 0 Pb(I0 Br0 3 samples 
(Figure 81d    ear y ee   e o er ay 
of a  SE  a e a  a u er o  for e 2 0  
re e o   Figure 81e.

e e re u  u e  a  e r a  ra  e 
is actually the longer-range structural super-

ra  ra er a  e ra  e e   SE  
a e  e for a o  of e e ar e u er  

with analogous orientation and facet control 
ay a e be e a  ro er e  for 

arr er ra or  e re u  a o 
suggest that the grain orientation is 
non-random, with either templated 

u ea o ro  or fra e a o  of 
larger grains for instance upon drying 
or a ea  Su  a e a  
ou  be a  o e o -ra e 

co-orientation of crystal plates in 
echinoderms [4]  

Fig. 80: Correlating the microscale 
o o u e e e P  a  o a  

structural properties of MAPbI3  
a) S a a  a  of o re e ra  

ar a o  e a e  e e o e  e 
orre a o  re o  be ee  R  a  P  

b) Confocal PL intensity map of a MAPbI3 
ero e  orre o  o e 

dashed region in (a)  c) e-re o e  
P  e ay  of e br  b ue  a  ar  
re  re o  e   (b)  e  

e  220  ea  ra o  a er  
for e br  a  ar  P  re o  
d) S a er o  of a a y a  
correlations between local PL lifetime and 
o re e ra  re a e efe  e y  

calculated from relationship in (e)  
e) Ratio in concentration of charged iodide 

a a e  I
+ efe   0  ra e  

ero e ry a  o a  u ra e  
ry a



a e ra  au e  o -ra a e o e   
a e ero e    o e  a   
 ero  b   ar    
 S o e er b    u  a   u    
 Se e  b  F  N rou  b  R  re e  b   
  S a  e    e f   b - a eb    

N  a ura e   E  a o a    
 ur a er  R   Fr e    

 u o  b   a     o  a   
S  u  a  S   S ra  b   
Energy Environ. Sci  12  - 0  20   

o  0 0 ee02  Pub e  by e 

Roya  So e y of e ry
(a) CSIRO Energy Centre, Mayfield West 
(Australia)
(b) Research Laboratory of Electronics, 
Massachusetts Institute of Technology 
(USA)
(c) Cavendish Laboratory, University of 
Cambridge (UK)
(d) Department of Materials Science and 
Engineering, Yonsei University, Seoul 
(Korea)
(e) Advanced Light Source, Lawrence 

Berkeley National Laboratory, California 
(USA)
(f) Xi’an Jiaotong University, State Key 
Laboratory for Mechanical Behavior of 
Materials (China)
(g) School of Physics and Astronomy, 
Cardiff University (UK)
(h) ESRF
(i) Department of Materials, Imperial 
College London (UK)
(j) Department of Physics and Astronomy, 
University of Sheffield (UK)

[    S a   S  u  Scientific Video Protocols 1   20
[2  R   Fr e  et al., Scientific Video Protocols 1   20
[  S  u et al., Adv. Funct. Mater  26  22 - 2 0 20
[4   E  a  et al., J. Am. Chem. Soc. 131  404- 40  200

N E F RE N S S F 
- N ER ES

A multitude of synchrotron techniques including hard X-ray phase-contrast nanotomography have been used 
to systematically investigate – with multiscale resolution – the degradation in complex composite lithium-ion 
battery electrodes under fast-charging conditions. The results could help improve electrode formulation for fast-
charging batteries.
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  ro o e  a  ra   bu  o e  
during processing, in particular during cooling 
through the cubic-to-tetragonal phase transition 
fo o  e a ar  a ea  ro e ure  e fo o  e a ar  a ea  ro e ure  e 

Fig. 81: Scanning nXRD measurements 
a  u er- ra  a a y  a) u er 

o   e r  o ar e  
u er- ra  o  e 0  

re e o   a Pb 3 a e  b) and 
c) b o u e a ue of e a er  

e or  e ra e  fro  e o ar e  
super-grains in (a)  d) Su er- ra  e 
distributions for MAPbI3 and 
MA0 FA0 Cs0 0 Pb(I0 Br0 3  
e) er ay be ee  e u er o  

2 0  a  SE  a e  
the same scan area for a 
MA0 FA0 Cs0 0 Pb(I0 Br0 3 
a e

a a a o e o ra e a  ro e  ro  a  
a a o  e o  u  ar e  ra  re ef  

for example by manipulating the local phase 
be a our ur  ro  or o - rea e  

 re e e o ra e  re o

e ra y ro  ar e  for o u er 
e e ro  a  e e r  e e  a  o a e  

tremendous ongoing research into rechargeable 
ba er e   or a  a e  of ba ery 
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research is to identify the fading pathways of 
battery particles and electrodes at multiple 
length and time scales under practical operating 
o o  e e ro e e  are er e  e o-
e a a  er ay  e u a e e o-

mechanical interplay builds up mechanical 
re  ro o e  or o o a  brea o  

and leads to states of charge heterogeneity in 
u - o  ba er e  Sy ro ro  e ue  

a e bee  broa y a e  o a e fro er 
a e e    e  [1]

Quantifying the interplay in complex composite 
electrodes with multiscale resolution constitutes 
a challenge in precisely diagnosing the fading 

e a  of ba er e  y e oy  e 
technique of hard X-ray phase contrast 
nanotomography at beamline ID16A, combined 
with nanoscale hard X-ray spectromicroscopy, 

o  -ray ab or o  e ro o y S  
a  ra o  e e ro  ro o y E  

 u y y e a a y e a e  e 
morphological and chemical degradation 

 o y ry a e e -r  ayere  e -
a a e e- oba  o e N  o o e 

e e ro e  u er fa - ar  o o  e 
re u  ere u e  for e e e e  o e  
FE  o a  ee er  o e e ro e 

degradation and failure [2]

e e ree of o a  a a e  e o o e 
e e ro e a  bee  ua e  a  ua e  
In particular, hard X-ray phase contrast 
nanotomography, capable of probing thousands 
of a e ar e  a  o e Figure 82  e ab e  
an unprecedented statistical analysis of the 
chemo-mechanical transformation of secondary 
battery particles under fast charging conditions 

Fig. 82: Multiple-
length-scale X-ray 

tomographic imaging 
of N 22 e e ro e  
a) Microtomography 

0  e  e  
data of a piece of 

N  e e ro e  
b) 3D rendering of 

the nanotomography 
data (70 nm pixel 

e  of a  arb rar y 
selected region of 

ere  o er e 
electrode, with its 
central slice in the 

lateral direction 
shown in (c)  ree 

of e re re e a e 
particles are 

highlighted in red 
(d), green (e), 

and blue (f)  ey 
are categorised 

a  e ere y 
damaged, mildly 

damaged, and least 
damaged particles, 

re e e y  e 
re a e o u a o  

of e e ree  
of particles, which 

changes as a function 
of the cycling history, 
is summarised in the 

radar chart in (g)

Fig. 83: Comparison of 
e o  ear e ara or  
and the bottom (near 
o e or  ayer   e 

NMC622 electrode that 
has gone through 10 

fast cycles at a rate of 
 Pa e  (a) and (b) 

o our- o e  are e 
a e a era  e o er 

the particle layer that is 
o e o e e e ro e  
top surface (near the 

e ara or  Pa e  
(c) and (d) (colour-
o e  are e a e 

a era  e  o er e 
r  ayer of ar e  

o e o e e e ro e  
bottom surface (near 

the aluminium current 
o e or  e re a e 

ar e ra  
robab e  o er e e 
o e  are ua e  
in the corresponding 
e ar  Fra ur  
ro e  fro  urre  

collector to separator 
are o  a er 0 a  

0 y e  re e e y 
in panels (e) and (f)



ua a o  of e ero e eou  
Degradation in Li-Ion Batteries,  

 a  a  R  u b   a    
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 e     au  e   ua    
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E R N F S N SE  N ES F R 
N ER ES F E   IN-SITU R  

R P
The cracking and interface debonding dynamics of Si-based electrodes for Li-ion batteries have been studied by 
in-situ synchrotron X-ray tomography. This study reveals the positive impact of a ‘maturation’ procedure on the 
mechanical properties of the electrodes, resulting in a better cyclability.
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(Figure 82g   ua a e ua a o  
re ea e  e e - e e e  re  of ar e 
fracturing within the electrode as well as its 
a era  o e y  e re u  u e  a  e 

a e ar e   e e e ro e o r bu e 
o e e - e e  e ry ere y  e 

a  o o  

a e  o  e e ra a o  e  ro e   
a  fou  a  a y ore a a e a e  
a e ear e e ara or  e o  o a ore 

homogeneous distribution as particles 
o a e  ee er  e e e ro e a e o er 

e e e ro e a  a y  a er y e  
(Figure 83  F a y  FE   a e o e  
re o ere  fro  e a o o o ra y a a a  

also used to gain insights into the electrode 
e e  ra  r bu o  a  e o u o   a  

fou  a  e a a e e ero e e y re a  
at all length scales, which causes unbalanced 
o a  e e r a  a  o  o u y  a  
o e e y ea  o e o -u for  u a o  

of a e ar e  a a y a  e ora y

e a a  a  of e e o-
mechanical transformation in the composite 
e e ro e o er  a a o  e o  for rob  
and understanding the non-uniform particle 
u a o  a  fa  u    a a e  a  

e e e o e  e o o o y a  u er a  
 a e e ay o ar  ro e  e e ro e 

for u a o  for fa - ar  ba er e

S -ba e  a o e  a e e o e a  o re a e 
the usual graphite electrodes in order to increase 

e e er y e y of u - o  ba er e  
o e er  S -ba e  e e ro e  u er fro   
o u e a e ur  a o e a o  

cycling, which degrades their structure and 
or e  e fe e of e ba er e  e 

e ra a o  u e  e e ro e ra  
and delamination, Si particle fracturing and 
instability of the solid electrolyte interphase 
SE  [1]  S a  re ear  e or  are be  

a e o o ro  u  e a o  e e  a  o 
ro e e y ab y  S e ba ery a o e  

a e o e  a  e ero e eou  ru ure  
 ob er a o   re u re  o be er u er a  

their failure mechanisms and thus subsequently 
optimise their formulation [2]  erefore    

pertinent to monitor the morphological changes 
of the electrode occurring during its operation 
a  a  ere  a e  

e  ro ru ure e o u o  of o ere  
anodes was studied in situ ur  o e ar e
charge cycle by means of X-ray tomography 
(Figure 84a  e a ar  e e ro e ob a e  
by rou e re ara o  a  a e  a  P  
beamline at Synchrotron Soleil whereas the 
e e ro e re are   a a ura o  e  [3] 
(consisting of storage of the electrode for a few 
days under a humid atmosphere prior to drying 
a  e  a e b y  a  a e  a  bea e 
ID16B  re u   a  a a y e  o u e of 
2   2   2 0 3  a  o ro  o e  e 
of 200 
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Fig. 84: a) S e  of e e er e a  e -u  a  
bea e   a  P  a  o a e e 
e e ro e a  ur e of e e  o  e e  

ere e e e ro e a  ob er e    e  of 
ar e  S   a e of ar e  b) 2  y  e  

of e e e ro e u erfa e ur  e e ro e a  
y  for e a ar  e  e  0  a  
a ure  e e ro e e  e  200  

c)  re er  of e ra  o u e ur  
e a o  of e a ar  a  a ure  e e ro e

Subsequently, the dynamics of the expansion 
a  o ra o  of e e e ro e ra   e 
bu  ra  are o   re   Figure 84b  
and of the debonding at the interface with 
the current collector (Figure 84c  of e e 

o ere  e e ro e  ere ua e    
a  o are  ua a e y for o u e  of 

0  0  2 0 3   re o u o

From these analyses, it was shown that the 
a ura o  rea e   e a ro o  

efor a o  e a o o ra o  of e 
electrode by constraining the displacement of 

e S  ar e   o  or a  e e  a  
o e rea e e for a o  of a ro- ra  

in the composite electrode by a factor of four 
(Figure 85  a  re u e  e a a o  fro  

e urre  o e or by a fa or of e  e 
ra- o e y a  ro a a o  re o  

of e ra  a er  a  a a y e  for bo  
electrodes (Figure 85   re ea  a  a 

e a ura o  ro e ure a  a y 
enhance the mechanical properties of the binding 

a e  e o o e e e ro e  ereby  e 
a e a er a  e or  a  be er a a  o e 

or a  o u e ar a o  u e  by e 
silicon alloying with lithium through a more 
ductile and resilient electrode, resulting in a 
major gain in its cyclability [3]

Fig. 85:  re er  of e ra  o u e a  e e  
of e r  e a o  a) S a ar  e e ro e  
b) a ure  e e ro e  e ar e  a  e o  ar e  

ra- o e e  a e  are abe e  re e e y  
ree  a   b ue



Dynamics of the morphological 
degradation of Si-based anodes for  

- o  ba er e  ara er e  by in-situ 
synchrotron X-ray tomography,  
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N E  S PE N  S R N S E N ES 
N  S N E Pt N N P R E  P NS F R 

S S
Compressive surface strain in Pt nanoparticles is relaxed while switching the gas environment from inert Ar to 

                 
due to a shape change of the nanoparticles accompanied by a rearrangement of high-index vicinal surfaces.
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Oxide-supported nanoparticles play a crucial role 
a  e ero e eou  a a y   ar ou  u r a  
o er o  ro e e  [1]   rere u e for 

ro  a a y  erfor a e a  fe e  
to better understand the catalyst deterioration 
a  ea a o   a a a y a y re e a  a  
e ro e  [2]  o ere  -ray ra o  

a   o  o y er  ra  of e 
structural details of a single nanoparticle in situ 
bu  a o ro e  a uab e for a o  o  e 

ra  a e of e a o ar e  e bu  a  
o  e urfa e

e P   ra  re e o  a  u e  o 
e er e e a e a  ra   e bu  a  

near-surface region of a ~ 160 nm-large Pt 
nanoparticle epitaxially grown on a strontium 

a a e ub ra e   a  e oye  in situ at a 
e era ure of 400  u er o uou  a  o  

of ure r a  a  r  ure  Figure 86a is 
a e a  e  of e e er e  erfor e  
at beamline ID01   e P  a o ar e a  
preselected by scanning electron microscopy 
SE  a  ar e  by r  erar a y 

arra e  ar er  u  o - a  e e ro  
bea - u e  e o o  of a P  re ur or a  
In this way, the nanoparticle could be relocated 
by scanning the sample through the X-ray beam 
(Figures 86b and 86c  u  a o uou  fa -

a  o e  ra   e ab e  e re r e a  of 
the shape as well as the strain-distribution in the 
nanoparticle in three-dimensions [3]

From the in-situ experiment, it was concluded 
a  u er e  r  o  a  400  e 

e a e ra  re e   e ear- urfa e 
region is enhanced as compared to the inert 

r e ro e  Figures 87a and 87b   
relaxation of the Pt atoms is induced by a shape 
change of the nanoparticle, indicating that the 
strain relaxation is not only due to CO atoms 
adsorbing on the Pt nanoparticle surface, but 
is rather enhanced by a rearrangement of 

e re e  - e  fa e  a  e e   
Figures 87c and 87d  e re o  ar e   

rey orre o  o a a  fau  re o  
from which no CXDI signal is detected on the 

 re e o

Fig. 86: a) Set-up of 
e e er e  

b) er e  SE  a  
(c) X-ray scanning 
image with one of 
the hierarchically 
arranged guiding 

ar er  a  e 
Pt nanoparticle 
analysed using in-
situ  a e  
with permission from 

ub a
or o 0 02
a a b00 4  
© 20  er a  

e a  So e y



Coherent X-ray imaging of CO-adsorption-
induced structural changes in Pt 
nanoparticles: Implications for catalysis, 
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S  a are  a e   e o a   Se  a  
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4 -4 24  20   

o  0 02 a a b00 4  Fur er 
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RE E N  RE R N S SE RE  RE PES S N  
S N R R N R  FFR N  E SE F E 

P S  E N E
Rembrandt (1606–1669) is renowned for his impasto technique: thick paint laid on the canvas to make it stand out 

              
(µ-XRD) [1] was used to decipher the microstructure and composition of Rembrandt’s impasto paint layers.
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u or e  P  a o ar e   ue e  by 
the presence of higher-index facets at the 

a o ar e urfa e  e re e e o  
of e P  a o ar e o er o e  e 
arb rar e  of re ou  e er e  
in searching for a suitable nanoparticle 
a  erefore er  a orre a e 

e a o  by o e e ary ab-
ba e  ro o y e ue   u  
it demonstrates that the nanoparticle 

a e a  ue e  er a  ra  
a e  ro  a  a o a  ara e er 

for a or  ra  a e  ue  
rea y  Fu ure  e er e   
address the shape and the strain state 
of ua  re e e e  a o ar e  
under dynamical operando reaction 
o o

Re bra  re o e  a o e ue a e  
a third dimension to his paintings, enhancing 

e r  re e  ro er e  a  a e  
e raor ary ay  of  a  a o  e 
e er  e  a  a o a  a  ob a e  
by combining lead-white pigment (a mixture 
of e ea  arbo a e  eru e  Pb 3 and 

y ro eru e  Pb3(CO3 2 2   a  
organic binding medium, the exact formulation 
u e  by Re bra  a   a y ery  

Micrometric fragments of paint were sampled in 
e era  of Re bra  a er e e  fro  e 
o e o  of e R u eu  er a  e 
ou re  Par  a  e aur u  e a ue  

e r  e  of e u y o e   R- R  
bu  a a y  erfor e  a  bea e ID22  e 
Re bra  o - a o ayer  ere o o e  
of HC and C, the expected main component of 
ea  e  e ob a e  ra o  a er  

re ea e  e y e a  re e e  a o 

Fig. 87: S ra  e  r bu o  (a) in the near-surface region and (b) e e bu  
of e P  a o ar e  2  e  of e - o o e  of e ra  e   a e a e 
a e  of a  urfa e fa e  (c) u er r o  a  (d) u er r  a  o  

a e   er o  fro  ub a or o 0 02 a a b00 4  
© 20  er a  e a  So e y

era   e er e  ro e  e e e a  
the interior strain state of strontium titanate-
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ayer  of u bo a r e PN  Pb (CO3 3 2, 
an extremely rare lead carbonate phase, 
undetected until then in paintings predating the 

e e  e ury  o er ere  re u  a  
e ar a  a ou  of   e a o ayer  
 a o  ery - ua y R- R  a er  

were collected on one sample by cumulating 
a u o  o er 4  R e e  re e e  of  
dataset made it possible to model the crystallite 

or o o e  a  e  a  e a o e r  a e  
It was found that PN crystallites had nanometric 
dimensions (length in the c axis lc of about 10 

 e  ry a   e a e a o 
ayer ere a y ar er c  00  

(Figure 88b

e e o  e  of e u y a  e a er  
of µ-XRD phase maps at beamline ID13, with 

e ob e e of ob a  e r bu o  of e 
ar ou  ea -ba e  ry a e a e   
a  ra ra e  a  e ro e r  a e  

One of the studied samples was exceptional as 
it presented both an impasto and a non-impasto 
ayer  e u ue a e o o o  of a o 
a  o r e  a a  PN a  e e e  o e y  

the upper impasto layer, together with HC, while 
the non-impasto layer was composed of HC and 
C (Figure 89  Fur er ore  o er - R  a  
highlighted the homogeneous distribution within 

a o ayer  of y    a re a e  of PN 
crystals (Figure 88a

e e ru ura  re u  e  e   o  
Re bra  a o  a  ey a e a  

e re e e of PN  a ar er of a e  
re ara o  re e  PN  o y 
ab e  a a e o o  

  0  e o o o  of 
impastos (notably characterised 
in addition to the presence of PN 
by a a  of  ab e a     
as well as their microstructure 
(homogeneous distribution of 

a o e r  PN ry a e  e  
to the hypothesis of an in-situ 
formation of the crystalline 

a e  a o ayer  

Fig. 88: a) µ-XRD phase map acquired on beamline ID13 from a cross-section 
of e y e ra ery of Re bra  Susanna  aur u  PN 
 u bo a r e  re    y ro eru e  ree    eru e  b ue  b) Mean 

e o  of  a  PN ry a e  ro u e  a er R e e  re e e  of R-
R  a a a u re  o  bea e 22

Fig. 89:  
a) Microscope image 
of a sample collected 
o  Re bra  
Bathsheba 4  

ou re  o  
two white layers: 
impasto on top of an 
u er ayer  b) µ-XRD 
phase maps acquired 
on beamline ID13 on 
a thin section from 

e a e a e

ra e  e o o o  of Re bra  
a o rou  e e a o  of 

u ua  P u bo a r e by u o a  
-ray ra o  a y   o a e  a b  

 o e   a e  e f   
 a  oo  b   e No f   
 E e o f   eu e b  P  Nob e b  a  

  a  Angew. Chem. Int. Ed  58  -  
20  o  0 002 a e 20 0
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Engineering, Delft University of Technology 
(The Netherlands) 
(b) Rijksmuseum, Science Department, 
Amsterdam (The Netherlands)
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(d) Laboratoire d’Archéologie Moléculaire 
et Structurale (LAMS) Sorbonne Université, 
CNRS, UMR8220, Paris (France)
(e) Institut de Recherche Chimie Paris, PSL 
Research University, Chimie ParisTech-

CNRS, UMR8247, Paris (France)
(f) Centre de Recherche et de Restauration 
des Musées de France, Paris (France)
(g) Mauritshuis, Paintings Conservation 
Department, The Hague (The Netherlands)
(h) Van’t Hoff Institute for Molecular 
Sciences, University of Amsterdam (The 
Netherlands)

[   o a e  et al., Anal. Chem  89  20 - 2  20
[2   o e et al., Stud. Conserv  62  2-2  20
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e re a  ue o  a  o for u a e 
historically sound hypotheses to account for an 
a a e e ro e    e ry a a o  
of PN ou  be r ere   o b y  a  
Re bra  ay a e u e  ar e ea  o e 
Pb   e re ara o  of  a o b  

e u  e u e of Pb  by e e ee - e ury 
Dutch golden age painters is indeed attested by 
e era  or a  our e  e a o  of Pb  
o  o   a e e ab e  Re bra  o 
o u a e e  r eo o a  a  ry  
ro er e  o  a  ea  o bu   a o  

Preliminary measurements on model samples 
containing PbO particles dispersed in a linseed 
oil medium highlighted how lead carbonates 
could crystallise in a few months [2]
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PRE P N S N   R F  E E

                
dynamic processes is described. Its use to study crystallisation was demonstrated, where it was employed to 
obtain quantitative information including induction times and crystallographic parameters, with a sensitivity to 
crystalline material at ppm levels.
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ry a a o  u er  a a  array of 
processes ranging from the production of 
functional materials and pharmaceuticals to 

e for a o  of b o era  a  e re e o  
of a e  e a o  of e e a  

a  o er  ry a a o  erefore ro e  
e ab y o e era e ry a   e  
ru ure  or o o e  a  e  o b  

or promote crystallisation as desired and to 
e er e e  a  ere ry a  for  
o e er   a  be e re e y a e  

a  ry a a o   o e  ra  a   bu  
o u o   a e e  by ar ab e  u  e 
re e e of ur e  a  e ra e of rr

Here, a new strategy for studying crystallisation 
reactions under highly reproducible reaction 
o o   re or e   ro u  e e 
a  u e  o rea e ar e u ber  of o  

water-in-oil droplets, where each droplet was its 

o  rea o  e ro e  ry a a o  a  
then studied in situ within the droplets using 
y ro ro  o er -ray ra o  P R  

e e e e oye  a  o ru e  a  a  
er -ba e  e e Figure 90  a  o r e  

a polymer insert sealed between two X-ray 
ra are  o  e ry a  o u o  

was mixed at the inlet junction before forming 
ro e  a  o e  a o  a er e e a e  

a e er 0    e o  arr er a e  e 
e e a  be u e   ere  e era ure  

a  o e  a  o er  re e e e  of - 0 
u e  

e a e b e  e e a  ou e  o  bea e 
ID13 ere  ou  be o e   re e  o e 

-ray bea  ere  o o  a o  e o  
a e  orre o  o e  rea o  e  

and PXRD patterns were acquired from droplets 
o  a  ea  o o  Figure 91a  

E e e  e re o u o  a  a e e  a  
e or  ree  e of ua  ro e  

e ure  a  e e e  of e -e er y -ray 
bea  o  e rea o  a  e  ru a y  
the measurements were carried out using a 
detector frame rate greater than the frequency 
of a  ro e  u  a  fra e  a e  of 

e o  a e ou  be ar e  e re a  
frames corresponding to the aqueous droplets 

ere ba rou  ub ra e  a  a  of e 
ra o  a a re or e  a  a e  o a o  

ere o b e  o a e ra o  a er

 a roa  a  u e  o e fy e e e 
u ea  a e  u ea  a  a e era e 
e for a o  of a u  arbo a e ry a  

e e ab y o o ro  u ea o   
e rab e for u erou  a a o  e e e 
u ea  are a  ye  o y o  for a a  

number of systems, and many questions 
remain concerning the mechanisms by which 

ey o era e  No - orou  a  orou  b oa e 
a e   Figure 91b  u fu o a e  

and carboxylate-functionalised controlled pore 
a e  P  a  e era  ao e  N  

e  a a o e a  o or o e ere 
e a e  a  o e a  u ea  ere e e 

exhibit contrasting surface chemistries and 
oro e  ro e  ro u  P R  a  u e  o 

determine the induction times – that is the time 
a   ry a  are r  e e e   a  re u  
were compared with nucleant-free conditions 

Fig. 90: S e  of e 
construction of the 

ro u  e e



ro e  ro u  R  e e  
E e e Nu ea  e  for a u  

arbo a e    e e e  a b   
 u - a o b  -   b   
  o e  b   o e -N o a   

   ree  b  S  E  Fo er b   u a  b   
 o a a  N  E  aye   S   ay   

  a    e au e  e   
 ur a er e  N  a ur a  a   

F   e ru  b  Adv. Funct. Mater  29  
0 2 20   

o  0 002 a f 20 0 2
(a) School of Mechanical Engineering, 
University of Leeds (UK)

(b) School of Chemistry, University of Leeds 
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(c) Computational and Systems Medicine, 
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(d) Diamond Light Source (UK)
(e) ESRF

F N  N N  N  R P R E E R S F 
 NEE ES R  E 

Metal particles are released from tattoo needles when the white pigment titanium dioxide is used. The particles 
are deposited in skin and lymph nodes and contain high amounts of the allergens nickel and chromium, which 
may be released over time by corrosion.
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and droplets containing calcite nanoparticles; 
e a er ro e ea  u ea  u o  

e  ar e  fro  ≤ 4 2  e  for e er e   
a e ee  o o er 0 u e  e er e  by 
a  o  a  uba  ro e  o -  

for o ro  o o  No ab y  e orou   
a  a o  a  e e e a  e a e ee  

(tind ≤ 2  e  e N  e ind ≤ 00 e  
a  e o - orou   ind ≤ 40  e  ere 
a o y a e  

E e e u ea  a e bee  ro o e  o o era e 
a a ra e of e a  u   o er  

a o  ry a u ea  erfa a  e er y   
a orb  o o e u e  fro  e o u o  u  
o a y rea  u er a ura o   a  
o u e o e u e   ro o  e for a o  of 

ere  o y or  a   e b  urfa e 
efe  a  ro o e u ea o   are o  

to promote the formation of hydroxyapatite 
a u  o a e  a  e o orou  ar e e  

are e e e u ea  for ro e  ere e 
ore  a ear o ro o e u ea o  

e e e er e  o e  a  bo   are 
e e e u ea  for a u  arbo a e e 

P   o arab e ore e  are o  
Fur er  a er or a  for urfa e area  e 

orou  a  o - orou   e b  o arab e 
a e  e a y of e  a  erefore 
be attributed to its surface chemistry rather 
than porosity, where local dissolution of the 
surface leads to the formation of an amorphous, 
calcium- and carbonate-rich layer, which 
fa a e  a e u ea o

Fig. 91: a) Illustration of the experimental set-up and (b) PXRD 
ea ure e  for e er e   orou  b oa e a  Ea  a e  

o o  orre o  o a e  rea o  e

P e - oa e  y  o e  a e bee  
ob er e  ur  e a  ro e ure   a ooe  

ua  for a o  e   20  e r  
physico-chemical analysis of tattoo pigments 

 er  of e  e y a  ar e e of 
a   a  y  o e a e  of e 

same donors was published [1]  

 fur er -re o u o  -ray uore e e 
RF  u e  a  bea e ID16B, iron particles 

a   a ou  of e  a  ro u  
(Figure 92a  ere fou   a o a   a  
y  o e e o    e  a  ro u  
ar e  ra  fro  0  re o u o   
o 4  o a  -ray ab or o  ear 
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e e ru ure NES  a a y  re ea e  a  
e  a  ro u  ere a y re e  a  

metals and, to a lesser extent, in oxidised form 
(Figure 92b  

ure  of ro  e  a  ro u  are 
o o y u e  a  ee  a oy  erefore  e 

or  of e e ar e  a  e a e  er 
0  a e  of b a  e a  re  o our ere 

a a y e  bu  o e o a e  ar ar e  
e e  o a a o  fro  ee  e e  ur  
a ufa ur  of e  ou  be e u e  

e a e a e  for ro o e e   
were used for preparing thin sections of the 
tissues in the sample preparation process, as 

ey a o  o  o a  e  o e er  a  
tattoo needles analysed with a table-top XRF 

ru e  F er o e -ray -S  ere 
o o e  of a ee  a oy  u  o  e  

a   ro u  

o e  a  o r a o  of e ee e  be  e 
or  of e  a  ro u  a e    

a  a ooe    o a  e er arbo  
b a  or e a u  o e e  y 

e e  o a  a u  o e  e  o 
a a or e o o  of e a  ar e   e  
as shown in XRF analysis carried out at ID21 
(Figure 93a  S a  e e ro  ro o y 
SE  a e  of e ee e  before a  a er 
a oo  a o re ea e  e ear of e a  fro  

its surface when titanium dioxide was used 
(Figure 93b   fur er e e  a  o y e 
dense titanium pigment leads to an abrasion 
of e e a     a or a e  e 
ob er a o  a  e e a  ar e  ere a ay  
located in close proximity to titanium dioxide in 

u a   a  y  o e ue  

   ar u ar y orr o e be au e 
e  a  ro u  are e o o  o o  

a er e   e Euro ea  o u a o  orro o  
of e e e a  o er e a  re ea e e 
corresponding allergenic metal ions and thus 

ay ay a ro e  a er y e e o e   
o  u a e e  a er y  a oo  a  a ay  

be e e  o be au e  by ur e  of ro  o e 
e  e e e   u e  a   

metallic debris may be another major source of 

Fig. 92: X-ray 
uore e e RF  a  

X-ray absorption near 
e e ru ure NES  
analysis of human 
a e  a    

a) S  a  y  
node XRF analysis of 
o e o or  b) N e  
and chromium XANES 
analysis on the 
indicated particles in 
(a)

Fig. 93: a ooe     arbo  b a  a  a u  o e 
e e  a) RF a  a  2  a oo  a e   
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 NE S RN  SER N  S R N 
INSIDE CELLS

The early stages of biomineralisation have been investigated using phase-contrast X-ray imaging (PCXI) and 
               

exposed to an osteogenic cocktail. The results provide a deeper understanding of the intracellular molecular 
mechanisms governing the initial phases of bone tissue formation.
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e   a oo   y o e   u er e  
by a  ob er a o   a  b o y of a e -
sensitised tattoo-allergy patient in this study: 

e  e e   RF a a y  a   ere 
higher in areas with metal debris and titanium 

o e a   area   ro  o e e

o era a o   e ro e  by   
y e  e era e or a e  era  ry a  
y ro ya a e   a a ura y o urr  

mineral form of calcium apatite with the general 
formula: (Ca10-x Yx  P 4 6 2-p(CO3 p, where Y 
indicates the typical substituting metals (Zn, Mg, 
Sr  fou   a y ue  u  bo e  a  
cartilage [1]  o era a o   a fe o  
process, fundamental in bone formation, repair 
a  re o e  o e o  a o e  ru ure 
organised across multiple length scales, from 

e o e u ar o e a ro o  e e   e 

a o e r  a e  o a e  ro br  re  e 
for a o  of a o e   a e e  or e e  

ara e  o e o a e  br  a  for er br ar 
mineralisation [2]  

Biomineralisation depends upon the complex 
ro a  be ee  o eo a  o eob a  a  

o eo y e  eo a  e  bo e a r  e 
osteoblasts synthesise it and orchestrate its 

era a o   e re ur or of o eob a  
and osteocytes, human bone mesenchymal 

e  e  b S  ere e a e  o u e  

Fig. 94: a) o e  of e - a  re o ru e  
fro  e a e- o ra  o o ra y   
b) o u e re er  of e a e- o ra  a o-
o o ra y a a  e o oure  arro  a e 

four ra e u ar e o o   
c) Zoomed 3D solid nano-rendering of the four 
granules highlighted in panel (b)  d) o e  
of e - a  re o ru e  fro  e -ray 

uore e e o o ra y  e,f,g) Zoomed 3D 
nano-rendering of P, Ca and Zn intracellular 

e o o  re e e y
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e o e u ar ba  of o eo e e  a u  
is a crucial mineral for the bone and is present 
in the extracellular mineralised matrix as an 

e ra  o o e  of y ro ya a e ry a  
ery e  o  abou  e ro re o  of e 

extracellular Ca-phosphate and polyphosphate 
e o o  ur  o eob a  ere a o  e 
ore o e e  ro e  by u e  o  e 

a a e  a e  of b o era a o  a y 
occurring in the extracellular matrix, while 
studies on the early stages of this process are 

ar e  

 or  re or   o  e ear y a e  
of biomineralisation (i.e., the genesis and 
e o u o  of e era  u e  a  e r 
elemental composition during the osteogenic 

ere a o  of u a  b S  er e a  
decade, cutting-edge X-ray synchrotron-based 

ro o y e ue  a e bee  ro e  o 
o er o e e a o   a a  re o u o  
a   e y  be o  ore a e b e 
a  o o   fe e e u e  e e 
brea rou  a e  o b e o u y e 
biomineralisation in single cells at the intracellular 
e e  a   e e ra e u ar a r  ere ar  

of  e o e o  a e  a e  e a o  
ere o u e  o  fro e - y ra e  a e  
ee  e b S  a  o e a  o b e o e r 
a ura  y ra e  a e a  re er  e 
ru ura  a  e a  for a o  o b e  

PCXI and XRF acquisitions (Figure 94  arr e  

out at beamline ID16A, were pushed to their 
technical and physical limits in terms of spatial 
re o u o   e  e  o  o    o 
a  ree e o  o  e a e- o ra  

a o- o o ra y a  -ray uore e e 
tomography data were acquired from the same 
fro e - y ra e  e  e ab  a orre a e 

er re a o  of e re u  

Fur er o b a o  of ere  y ro ro  
ro o y a  abora ory -ray ra o  

techniques made it possible to follow the 
e o u o  of y ro ya a e for a o   

ere a  b S  ur  e ear y a e of 
b o era a o   ua a e a e e  
of the chemical composition of the mineral 
depositions, together with the characterisation 
of their molecular and crystalline structures, 

 ro e  e a a y  re ea  a  
biomineralisation starts with hydroxyapatite 
nucleation within e e  a  ra y e o e  
toward a hexagonal hydroxyapatite crystal 

ru ure ery ar o e o e re e   
a ure u a  bo e  a  e e e  a er u  0 

ay  of o eo e  u o   u o   e 
era  e o o  fa our  e u ea o  of e 

hydroxyapatite crystal lattice and at 10 days the 
ro e  of  or ora o   a o  o e e  

Figure 95 shows a proposed model based on 
these results, with a possible mechanism for 

e e e  a  e e o u o  of e a o a  
y ro ya a e

Fig. 95: e ra  e  a o e  
based on the results obtained in this 

study, hypothesising a mechanism for 
e e e  a  e e o u o  of e 

e a o a  y ro ya a e  e era  
e o o  o  a ere  e e e a  
o o o  are re re e e  by ere  

o y o a  a e  e ro a  u era  
portray the chronological sequence



S E R S S N F E  R E RE 
N  N R EN  E S S S N P N N  

SYMBIOSIS
Photosymbiosis in marine plankton is common in oceans worldwide. High-resolution imaging techniques showed 

             
into a host, towards a powerful photosynthetic machinery. This improves understanding of the functioning of the 
ecologically important symbiosis between a host and its intracellular microalgae.
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  y b o   roa ae 
o o y b o   a e rea  a  

ecologically important phenomenon in oceanic 
a o  Figure 96  e e a o  

organisms are essential for the global climate 
e ey o r bu e o e arbo  y e  ey 

are particularly abundant in the world´s open 
oceans, where nutrients such as P, N and trace 

e a  are oor y a a ab e  e e o o a  
success of this cell–cell interaction relies on 
a u ua  re a o  e o  ro e  
protection and a nutrient-rich microhabitat and 

 ur  e roa ae ro e e er y a  
o o o y e  o e er   ara  

re a  ar e y u e ore   u y 
o b e  ere  a o- a  a roa e  
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of y b o  e  a  e ub e u ar e e  a  o 
answer crucial questions, such as how the host 
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e e  ere o e e   urfa e a er  of e 
e erra ea  ea a  ua y o a e  
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ro o o  ere e e o e   or er o o u  
multimodal subcellular imaging, using a 
combination of 3D electron microscopy, 
nanoscale mass spectrometry, and synchrotron 

-ray uore e e RF  a  e  
ultrastructure and nutrient homeostasis were 
e a ua e  o  roa ae be ee  e r free-

 e.g.   u ure ou  e o  a  
y b o  e a o  a e  a ro u r e  
u  a  P a  N ere ua e   a o a e 
e o ary o  a  e ro e ry a oS S  

e e ua a e a  of e ra e 
metals Fe, Co and Mn were obtained with XRF on 
beamlines ID16B and ID21  
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oro a  o are  o  free-  a e  
ere  a 40-fo  rea e of e o u e of 

chloroplasts when the algal cell is integrated 
o a o  e  P y o o a  ea ure e  
o e  a  rea e  o o y e  e e y 

of microalgae in symbiosis, corroborating 
e e ro  ro o y ob er a o   or er o 
highlight possible metabolic changes induced 
by symbiosis, the subcellular distribution and 

o o o  of u r e  ere e a e  
Na oS S a a re ea e   o e  of N  
y b o  roa ae bu  ery o  P   ra e  
e y o e  of e er o  P re e  a o -

o e  P a o  for o ro  a a  ro

ra e e a  are e e a  for o o y e  
antioxidant protection and other essential 
b o e a  fu o  of roa ae  e e 
e e e  are e a  r er  of r ary 

ro u y  e o ea  RF a  o e  
that Fe concentration in symbiotic microalgae 

a  e a   0  2   a  a   free-
 roa ae 44    Figure 97  

 a  a y ue o e re e e of ar e 
Fe-r  a uo e   e a a  y o o  o a  
u  o 0  Fe   e  a  a a  
a ou  of Fe  e ere  o e roa ae by 
the host in order to sustain their photosynthetic 
a y  e e ue ere   e roa ae  
the homeostasis of this essential yet toxic metal 
ou  be re u a e  rou  ora e a uo e  o 

e o a e re  ar ab y  e a  
o eo a  a  a o fou  for o  o a  o y 

Fig. 96: Light microscopy 
image showing a host cell 

 b o era e  e e o  
and intracellular microalgae 
Phaeocystis

Fig. 97: Subcellular 
distribution and 

ua a o  of e 
trace metal Fe in 
symbiotic microalgae 
by synchrotron X-ray 
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on a single cell 
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e   ree  

vs  Fe re  R  
ua a e fa e-

colour representation 
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of metal-based drugs at biologically relevant concentrations in a label-free fashion.
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the metal homeostasis of microalgae was 
dramatically altered in symbiosis, implying 

e  e a  by  e o  a e  
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metabolically, following their integration into a 

o  e  a ro e  a  a  o  re ou y bee  
reported in other algal symbioses (e.g., coral 
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decipher these mechanisms at the molecular 
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unique insight into the intracellular distribution 
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mapping through the XRF emission spectrum, 

along with physiological elements such as Zn 
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consumers to nanomaterials. Holotomographic imaging of cells exposed to AgNWs revealed that thinner and 
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paper incorporating thinner AgNWs retain technical performances while being safer.
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e e  y o ra  er a o re  ere 
o  a y be  a  a ua y u ure  
rou  e e e e bra e o e e  
er or   re ar ab e o u o  of  u y 

 a  e   b ayer  a  e a a y 
efor  e a  re  e ob er a o  ear y 

implicate this deformation as being the critical 
e a  for re u  o y

e e o o a  erfor a e e e r a  
o u y a   ra are y  of N  
 a e e  by a e re  bu  e er o e  

were found to be equally or better suited for 
ra are  o u e e or   or  

illustrates an approach to reduce the potential 
ar  fro  a a e  a o e o o e  ear y  
e e  a e
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2019 was an exceptional year that gave 
us the opportunity to venture beyond 
the beamlines. We travelled to other 
synchrotrons and the free electron laser, 
taught classes at universities and X-ray 

       
that had been sitting in our drawers. We 
also improved the instrumentation at 

     
hosted several workshops to discuss the 
new possibilities of the Extremely Brilliant 
Source (EBS) with the user community.

eore a  e ro o y  a  or a  
e e o e  a  e ESRF   e a  year  
e ra a  u er erfa e for ore- e e  

spectroscopy calculations, Crispy, was 
re e e  ur  e era  a -o  u or a  

a  o fere e  a  e a  oo  Crispy 
a  a o ee  e r  e er a  o r bu o  
o e our e o e   e be e  

of releasing the project using a free and open-
our e e e  

An experimental station dedicated to X-ray 
magnetic circular dichroism spectroscopy 
u er  a e  e  a  o  e era ure  
on ID12 is gaining much interest from the 

e ry o u y  e o - a e  
ground state of uranium ions in a molecular 
complex (Pedersen et al., page 128  a  
the magnetic interaction in molecule-based 

a er a  e a e  by aro a  re o -a e 
ligands (Ma et al., page 111  are re e e  
in this chapter of the ESRF Highlights  -ray 

a ura  r u ar ro  N  of ry a  
ear ab or o  e e  o ua e ra  

domains in non-centrosymmetric crystals is 
ra y e e o  o a e e oo  o u y 
magnetoelectric properties in multiferroic 
crystals with micrometre resolution that will be 
rea y a e ab e  e E S

e of e a  a e  o  ID20 before 
the EBS shutdown was the installation 
and commissioning of a new hard-X-ray 
spectrometer that allows analysis of the 
polarisation of the scattered photon beam 
in resonant inelastic X-ray spectroscopic 
measurements at the Ir L3-e e  e are 
eager to exploit the new capabilities of this 

e ro e er  E S  N a e  et al. showed 
that X-ray spectra of liquid water at ambient 
conditions is compatible with continuous and 
near-tetrahedral models for its atomic structure 
(page 106  e ere  a  a ab e  
of our large-solid-angle spectrometer were used 

to analyse the carbon speciation in an ancient 
e   ree e o  for e r  e 

eor ou et al., page 119

e ESRF  o  o e  o are o ru   
bea e   r  ab e er o  of SS a  
been released and ID26  be e r  E  
bea e o e e  e e  a ar  

e bea e fur er ro e   e er- -
ray spectrometer with respect to its energy 
re o u o  a  e o b y o o  ar ou  
a e e ro e  a  er e  et al. show 

on page 115 how high-resolution spectroscopy 
combined with theoretical spectroscopy helps 
to identify the position of a Au atom in a Ag 

u er  e a a o  of e 2 bond in dicopper 
o e e   u e  u  a e e- o- ore ES 

by Cutsail et al. on page 107

Beamline ID28 ro e  o e e ary 
measurements with an inelastic X-ray side 

a o  a  u e -ray a er  e 
demand of tandem experiments is expected to 

ro  a  e e  o e o a  of ery a  
a e  a    e a e e ro e  
or fo o a  e ar e  by e e e r  e  

cells, mainly dedicated to studies of ferroics, 
and transport measurements in situ  Po a et 
al  u e  2  o ara er e e y a  of 

ery o  a y a ber page 121  e ro e of 
charge order in cuprates and how it relates to 
u er o u y  u e   ar e  by 

Kim et al. (page 108  ao et al. (page 114  
and Arpaia et al. (page 110

ID32 is expected to start user operation again in 
20   u  e a e erfor a e a  before 

e E S u o  o e er  e bea e ea  
a  a e  e o or u y of e u o  o 
ar  a o e  u ra e ro ra  2 ou  

be ab e o o er ro e  e er y-re o u o  for 
e R S e er e  or ro e  e y a  
e re ou y ob a ab e e er y-re o u o  

Fur er ro e e  o  e  a  R S 
branches will also be implemented by the end 
of 2020  e ea   a o be e a  e 

o b e  o ere  by e rea e  o ere  
u   e o  -ray ra e  

BM16 has commissioned its large-solid-angle 
crystal-analyser spectrometer with the aim to 
record high-energy-resolution X-ray absorption 

e ra a  o  ab orber o e ra o  e 
article by Sun et al. on page 124 shows the 
capabilities of the instrument for the study of 
the electrocatalytic reduction of CO2 o er ro  
a o  er e  o ro e - o e  arbo

ELECTRONIC STRUCTURE, 
MAGNETISM AND DYNAMICS



BM20 has supplemented its ultra-trace 
E FS a o   a e- ry a -a a y er 
spectrometer for HERFD-XANES, XES and 
RIXS, a Pilatus 3x2M detector stage for single-
crystal and operando o er ra o  
a  a - r e ra o e er for urfa e-
e e  a  R R  a  -re o u o  
o er R  e bea e  o  ab e o o er 

a portfolio of methods to study actinides and 
o er ra o u e  u a  et al. focus on the 

e a  be a our of u o u  o ab y e 
peculiar reduction and incorporation of this 
element by magnetite (page 126

e E S u o  a  bee  a  o or u y 
for BM28 o u er a e a or u ra e  o 
the beamline infrastructure as well as to the 
o o  a  o  e e e  ue o e 

E S a e  2   a e a e  -ray our e 
 e 0   or -be  a e  a  bee  
e e e  ou e   e e  ora e r   

o e  a y rea e e a ab y 
of XMaS, enabling operation at higher X-ray 
e er e  Ne  bea e o  e e  e ra e 
o 2 0   40 e  a  a e  u e of 2  e e or  

 o e e  e e  oo  a  et al. 
(page 118  ea ure  e -e e  of P   

a o ar e  a  2 e  o u y e r a a y  
a e

e a e e ro e  u  or e   e 
radiation protection group on the dismantling 
of e o  ora e r  r er   ar e 
robotic arm was installed and programmed 
allowing all the dismantled parts to be 

e e  for ra oa y  e year a  a o 
busy concerning instrumentation for the 
bea e   e  e ryo a  a  a e b e  
and commissioned allowing high-angular-
resolution data acquisition and fast 2D imaging 
for P F e er e  o  22  E S re u re  

ore re e a e o o  a  ab y  
 re e  of a  e a e e ro e -re a e  

ru e  a  arr e  ou  e for a o   
a a ab e o our u er o u e  rou  e 
ESRF eb a e  a  e ay for  or a

P. GLATZEL
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E S F ER  EN  N NS
A new multi-method study including hard X-ray scattering at beamline ID20 proves that X-ray spectroscopic data 
of liquid water can be fully and consistently described by continuous-distribution models of near-tetrahedral 
water at ambient conditions.
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a er a  a b e  o o   e a r  of fe 
a  e ry   be a e  a o a ou y  a y 
of  ro er e   re e  o o er u  
S e e  o ra  R e  [1], two distinct 
e ara e a e  a e bee  ar ue  o oe   

u  a er  o e   a e  of a e-
a e u   a u ua  y ro e  bo  

e or   e o uou  r bu o  o e  
er e  -ray e ro o  re u  a e bee  

re ea e y er re e   u or  of R e  
o u a e

Ne  ua a e -ray e ro o  a a  
collected at the ESRF, Swiss Light Source, and 
Bessy-II synchrotrons, were all found to be fully 
and consistently described with continuous 
distribution models of near-tetrahedral liquid 

a er a  a b e  o o  e re ear  
re ea e  a o e  o e ua   o e 
statistical nature of the liquid system and its 

e ra

Oxygen K-edge spectra from self-absorption-
free X-ray Raman scattering spectroscopy of 
a b e  u  a er a  o  e ere a e  a  
the large-solid-angle spectrometer at beamline 
ID20 (Figure 101   o u o   e e ro  
energy-loss spectroscopy data of the gas phase, 

e re or e  a a re ea e  4  2  y ro e  
bo  er o e u e

In this multi-method study, high-resolution 
oxygen K-edge resonant inelastic X-ray scattering 

e ra of u  a er a  ub e ue y u e  
A single dominant mode without substructure 

a  fou  a  e e  re o  o er 
a e e  o far of  0 000  o  o e  

ou  be u or e for a e ero e eou  or o-
a e ru ure

Finally, X-ray emission spectra and density 
fu o a  eory a u a o  re ea e  e 
prominent role of excited state dynamics 
for the formation of the split 1b1 ea   e 
e o  e ru  e bra  ra o of  

ea  a  re ou y bee  u e  a  a  ar u e  
for e o- a e o e  o e er  e e  
e er e a  a a o  e ar  o o -
energy dependence of the emission lines: truly 
non-resonant X-ray emission spectra of liquid 
water show a branching ratio close to that 

re ou y ob er e   e by u  a  -ray 
ube   e  re ou y ub e  re u  

the researchers found the simulation with 

Fig. 101: a) e a e a ra  of a er  e   
ore- e e  e a o  e ra  b), c) S a  o er a o  e er y 

ra e ere re or e  o a bra e e ore- e e  e ra a  e 
a y o e  e re-e e re o  b  re o   a  e  u e  a  

a or of e a era e u ber of o a e  y ro e  bo  
o a e  by a a a  u a o  d) e u a o  

ro e  a  e a e of ru ure- o- e- e y re a o  
a e  by orre a o  oe e



o a b y of ua a e -ray 
spectroscopy with continuous distribution 
models of water at ambient conditions,  

 N a e  a b   Fo e  b   
  Sa e  S  E er  a  R   ay a   
 ore   P e  a   a  e   
 u e   E  Na y e   S  e   
 a  a ru  f a   ber  f   

F  e u a o  f  a   F  a   
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RE S N  E P EN  F  ES  E S RE 2 
N  N
                 

processes such as respiration and photosynthesis. Here, valence-to-core (VtC) X-ray emission spectroscopy (XES) 
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dynamics to be needed for the split emission 
ea   a o  a a a  a a y  re ea e  
a  a  e e  fro  e ru ure a   be 

e e e   e -ray e o  e ru

  u or  e o era  ra o a e of 
computational simulations used widely in 

e ry a  b o e e   ou  a e 
ee e  re o  f e o- a e y o e  a  

bee  ro e  orre

Dioxygen is an essential molecule employed 
 u erou  fe ro e e  Na ure e oy  
e a o ro e  o a a y e e a a o  of 2,  

including copper proteins, such as hemocyanin 
a  yro a e  Sy e  b o e  o er 
complexes are able to coordinate O2 to stabilise 
an µ:η2:η2- ero o a  er o er  o a b -
o o  ru ure Figure 102  ere e -  bo  

a  bee  fur er a a e  a  ea e  e e 
o e  er e a  e e e  e  a e  o e ore 
e a ab y of a e e- o- ore  -ray 

e o  e ro o y ES  o e e  e 
presence of an O-O bond at the two extreme 
limits of O2 a a o  

 ES ea ure  e e e ro  ra o  
fro  e a -ba e  a e e orb a  re  
the 1s core-hole of a photo-absorber (i.e., Cu 1s 

o e  erefore  e  ES y e  for a o  
er a  o e a  e y  o a e y  

and bond strength [1]  For a e  e ab y 
of  ES o ea ure e e ree of N2 bond 
a a o   a er e  of - a  r ro  o e e  

a  a rea y bee  re ou y e o ra e  
the strong triple bond of N2 results in a large 

2 e  2 N  σ σ  orb a  e ara o  ob er e  
by  ES  ere a a o  σ  transition 

 ob er e   e β2  region of the spectrum [2]  

e ar e e o  e ro e er a  bea e 
ID26 a  u e  o ea ure e u  ES 

of e e be ar  o e e  o ar  
 ES e ra of e ero o a  b -o o  

o er o e e  o  a  e o  r  
ere e  are  e β2  region (Figure 102  

in particular, a shoulder at the low-energy side 

Fig. 102: 
Experimental 

u  ES of 
a dicopper-
peroxo and 
-oxo complexes 

 ere e 
spectrum of the 

o o e



a e e- o- ore -ray E o  
Spectroscopy as a Probe of O–O Bond 

a o   u2O2 Complexes,  
 E  u a   a  N   a o  b   
  S ae  b    o a  b  a   

S  e eer a  Angew. Chem. Int. Ed  57, 
4-  20   

o  0 002 a e 20 0 4  
(a) Max Planck Institute for Chemical 
Energy Conversion, Mülheim an der Ruhr 

(Germany) 
(b) University of Minnesota, Minneapolis 
(USA)
(c) Washington University in St. Louis (USA)

[    Po o   S  e eer  Acc. Chem. Res. 48  2 -2  20
[2    Po o  et al., J. Am. Chem. Soc. 135  0 - 0  20

N  PRESS RE N N  F R E R ER N  
S PER N  N E PR ES

A combination of large uniaxial compression and inelastic X-ray scattering revealed a new charge-ordered state 
              

                 
uniaxial stress in the control and study of competing orders in quantum materials.

   

REFERENCES

ELECTRONIC STRUCTURE, MAGNETISM AND DYNAMICS

108 ESRF

of e ea  for e ero o o e  rou - a e 
e y fu o a  eory- a u a e   ES 
e ra re ro u e ea  of e ob er e  e ra 

and allow for the assignment of distinct features 
(Figure 103  e o  of e o e u ar orb a  
corresponding to the transition of the peroxo Kβ2  
o -e er y ou er re ea  a   ra o  

ar e  fro  e - a e 2  πh orb a  e 
O2 o e e  o e e era e 2  π orbitals, 
the degeneracy is split in the dicopper-peroxo 
o e  a  - a e 2  πh is stabilised by 

fa ourab e o er a   e o er  2-y2  
orb a  erefore  e - a e 2  π orbital is 
of e o e  e er y of e 2  orb a   

ra o  a  a  e y a  e -
a e 2  πh orb a  a  fa ourab e o er a  

 e u 4  orb a  a o   a e o a e 
e o e-a o e  ra o  o b e  e o er 

ou -of- a e 2  π  and σ orbitals do not 
e o ra e fa ourab e eo e r e  o o er a  

with any Cu 4p orbitals to allow for appreciable 
 ES e y

For the dicopper-peroxo complex studied, 
the single bond of the coordinated peroxo is 

u  ea er a  e r e bo  of N2, and 
erefore e 2  σ σ  orbital separation is 
a er    e   a re u  e 2  σ σ   

features remain completely in the Kβ`` region 
of e e ru  e e  ES e ru  
of the dicopper-peroxo and diiron-N2 bo  a e 
diagnostic Kβ2  features of their small molecule 
bo  re e e  F  a u a o  ear y 
demonstrate that these features arise from 

y ere  or  

e e o e e  e o ra e e o er of  
ES o re y e e  e re e e or ab e e  

of a  -  bo   roof-of- o e  u y 
 ear y of a  ere  for u erou  

potential chemical catalysis and reaction 
mechanism studies, including future time-
re o e  u e  o ob er e e ro e  of -  
bo  brea  a  for a o

Fig. 103: rou - a e 
F - a u a e  u  

XES of a dicopper-
peroxo and -oxo 
complexes and select 
molecular orbitals 
plotted corresponding 
o u ue ra o

One of the challenges in understanding high-
e era ure u er o u y  e u ra e  
 e r re ar ab y o e  a e a ra  
e e o  a e ora of e e ro  or er  

including superconducting, antiferromagnetic 
a  ar e e y a e  or er  a  
of which are formed within the CuO2 planes 
(Figure 104  e er ay a o  e e or er  
a  e re a  e e ro  rou  a e a  

be tuned using parameters such as chemical 
doping, hydrostatic pressure or high magnetic 

e  ore or a y  e re o e of e 
ar ou  a e  o e e u  ara e er  
ro e  a uab e  o e r for a o  
e a  a  e r er ay  o e a o er  

  or  ar e u a a  re  a  u e  o u e 
e ba a e be ee  u er o u y a   
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ordering in YBa2Cu3O  
while monitoring its 
o e e a e re o e 

by means of high-resolution 
inelastic X-ray scattering 

S   a  fou  a  
large uniaxial compression 
along the a-axis induces 
a new three-dimensional 

 o -ra e or ere  
 ro y o e  

 u er o u y  
oreo er  e o o  
e ra re ea e  a ery 
ro  o e  of a  o a  o o  a  e  

or er e   u e  a  o o  free   
re o b e for e for a o  of e   

e o a o  o u e u a a  re ure  
based on the anisotropic pressure dependence 
of the superconducting Tc  e e o era  
e e  of y ro a  re ure  o rea e Tc, 

  o  a  u a a  o re o  a o  
the a-axis of YBa2Cu3O  leads instead to a 
suppression of Tc [1]  a2Cu3O  samples 

ere o e  be au e a   o  e e  p 0 2 
o e  er a ar o er  e ar e o u a o  

a   o e o   u er o u y 
are maximised and, at the same time, a-axis 
o re o  e e e y re u e  Tc   or er 
o a e e ar e u a a  o re o  a 
e oe e r -ba e  a ara u  [2] specially 
o e  for e era ure- e e e  S 
ea ure e  a  u e  e S e er e  

were carried out at beamline ID28 on single 
crystals of YBa2Cu3O , prepared in the form of 
a-axis needles and thinned on their central parts 
by a plasma-focused ion beam (Figure 104  

Figure 105 shows the momentum dependence 
of e e a  -ray a er  e y   broa  

ro e e re  arou  2D     re e  
at unstrained conditions and arises from the 

re ou y re or e  or -ra e  ua - o-
e o a  2   or er [3]  er u a a  

compression, a sharp maximum appears at 
Q3D    o  o  of e broa  2   ro e  

a  e o e  of a o -ra e    

Fig. 104: Photograph 
of e e oe e r -
based strain 
apparatus and of the 
measured sample, 
and illustration of 
the crystal structure 
of YBa2Cu3O6+x (the 
b a  arro  a e 
the direction of 
u a a  ra

a a  Pre ure o ro  of o e  
r er   a  e era ure 

Su er o u or  -   a   
S   Sou ou b   E  arber   
E  efra o  a   o a a   

 or ora a  R  e   N  Na    
R   or  e   arbar o b   

 o a  b   Porra  a   oe  a   
   P    o    

 P  a e e f   e er a   
    a   e a o    

Science 362  040- 044 20   
o  0 2 e e aa 4 0  
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(c) Max Planck Institute for Chemical 
Physics of Solids, Dresden (Germany) 

(d) Institute for Solid State Physics, 
Karlsruhe Institute of Technology 
(Germany) 
(e) Instituto de Física de Líquidos y 
Sistemas Biológicos, La Plata (Argentina)
(f) Scottish Universities Physics
Alliance, University of
St. Andrews (UK)

[   rau  et al., Physica C 205  - 4   
[2     et al., Rev. Sci. Instrum. 85  0 00  20 4  
[   r e  et al., Science 337  2 - 2  20 2
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or er  e   a ear  abo e e Tc of the 
u ra e  a e a   ra y a   u e 

e 2    o e e y u re e   e 
u er o u  a e  e fy  o a ery ro  
o e o   u er o u y  oreo er  

the strain and temperature-dependence of the 
inelastic part of the IXS spectra suggests that 

e ra o  o e or ere  a e  r e  by 
e o e e o e  of a  o a  o o  

at Q3D a  a e  a  e    a 
thermodynamic ground state competing with 

- e era ure u er o u y  

e a a  e o e a  o ere  by 
u a a  re  o e a e e re a o  
be ee  u er o u y a  ar e or er   

e u ra e   e a  ore e era y  e re u  
illustrate the powerful combination of uniaxial 
pressure application and X-ray spectroscopic 
techniques for the study of competing orders in 
a broa  a  of a er a  a  o er a ro  

ro e  for fu ure e er e
Fig. 105: Strain 
dependence of the 
e a  ea  e y 
a o  e 0 0  L  

re o  e a a 
recorded under 
unstrained and under 

 a-a  o re e 
strain conditions are 

e   re  a  b ue 
re e e y  e 
insets show schematic 
illustrations of the 
short-ranged 2D and 
the long-ranged 3D 

 or er



R E ENS  F NS N PR ES
The observation of a short-range charge modulation in cuprates by resonant inelastic X-ray scattering indicates 

                  
observation can be likened to seeing the bulk of the iceberg of the charge order phenomenon, while charge density 
waves only represent its tip.
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e a e a ra  of e -Tc cuprate 
u er o u or  S   a e  by e 

o a eou  e er e e of ar ou  or ere  
a e  u e  by o  a  r e  by e 

many competing degrees of freedom, where 
o  o y ar e a   are of re e a e  bu  

a o a e a  orb a  a e a  a e ro e  
bu  u  e rou  a e  e e a o  
of all these ordered states is a crucial step 
toward the understanding of high-temperature 
u er o u y  o e of e ra  a e e  
 o - a e y

In strongly correlated systems, the tendency 
of e a e e e e ro  o e re a e o 
periodically modulated structures can lead to the 
for a o  of a e u ar ar e or er  ou  
ob er e   e era  fa e  of u ra e  [1,2,3], 
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Controlling the interactions between magnetic centres is a fascinating challenge for scientists, at the basis of any 
rational design of molecule-based magnets. Supported by a complete set of experimental and theoretical studies 
on dinuclear complexes, this work aims at a better understanding of the dominant factors governing the strength 
of the magnetic interactions via an aromatic bridging ligand.
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The electronic structure of the heme oxy-iron centre in oxyhemoglobin and oxymyoglobin has been the subject of 
debate for decades. This study uses X-ray spectroscopy to settle this longstanding issue in bioinorganic chemistry 

              
most studied model compound.
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Charge density waves (CDWs) are a ubiquitous phenomenon in underdoped high-Tc cuprate superconductors. In 
this work, resonant inelastic X-ray scattering (RIXS) is employed to reveal their formation mechanism and their 
correlation with other electronic and spin orders.
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– on average 1 gold atom per particle. In this study, the position of the gold atom is determined using element-
selective X-ray spectroscopy in combination with calculations.
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a preferential dopant location in the centre of 

e u er  e u er  ere fur er u e  
with XANES with high-energy resolution 

uore e e e e o  ERF   re u  
in a sharpening of the spectral features 
compared to XAS recorded in transmission 

o e or u  a ar  uore e e e e o  
e NES  e  ua a e a  E FS  

a e ru  ou  be re or e   0 of e 
e  oo  o re or  E FS    erefore 

u  e  u e b e o ra a o  a a e  
e e ru  a  o are  o r  r e  

calculations with the FDMNES code [3] of Au at 
ere  o o   e u er  e a a y  

showed that the Au atom preferentially 
occupies the centre of the cluster (Figure 114  

In conclusion, HERFD-XANES was combined 
 ua u  e a  a u a o  a  

it possible to determine the dopant location 
in bimetallic clusters where an EXAFS analysis 

a  o  o u e  e rea e  e ra  
resolution and sophisticated theoretical codes 

ro e o erfu  oo  for a o  ru ura  
a a y

Fig. 114: a) Bimetallic clusters 
are made by doping Ag2  with 

a a  a ou  of u  
b) HERFD-XANES combined 

with calculations shows the Au 
atom preferentially occupies 

e e re of e u er



E P E  R E  S S N E 
R E P N

Deep eutectic solvent (DES)–water mixtures are emerging as one of the most promising sustainable alternatives 
to the carcinogenic Cr(VI) electroplating process. This work aims to resolve the poorly understood coordination 
chemistry and its link with important physicochemical properties for the further optimisation and upscaling of 
these green electrolytes.
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er e a  fe  e a e  o er  abou  e 
o y a  ar o e y of r  a e bee  

rea  erefore  o er e  or e 
are banning the use of this harmful metal ion 

 ar ou  u r e  e e  u erou  re ear  
e re   a a e a a  u ry are oo  

for ab e a er a e  o e o o y u e  
r -ba e  e e ro a  ro e   ro  
a a e  r a e  ro u    
e era  or er  of a u e e  o  o are  
o  e a a e  ou er ar  o e er  e era  

aspects impede the electrodeposition of 
fu o a  ar  ro e oa  fro  r  
aqueous electrolytes, such as the presence of 

e e a y er  [ r 2 6]3+ complex, its 
o o er  ro u  a  e o  e e y ue 
o y ro e  for a o  o re o e e e ue  
o  u  a  ES  a e bee  ro o e  a  

a er a e e e ro y e  e e e ro  
electrochemical properties of these green 
o e  a  e r ure   a er  ery 

e  o  abou  e e a  be a our of 
r   e e u  a  o    re a e  o 
e e e ro a  ro e   u y erefore 

fo u e  o  e e u a o  of e oor a o  
e ry of a ee  eu e  o e  ba e  o  

chromium chloride, choline chloride, and its 
mixtures with water (xCrCl3•6H2 y zH2

Pre ou  or  o are  e oor a o  
e ry of r   ar ou  o e  by 

o b   e ro o y a  e e e  
-ray ab or o  e ru ure E FS  

experiments [1]  a e  o  e e re u  
an equation was constructed to predict the 
coordination chemistry of [CrClx(H2 6-x]3-x 
by e a e e  o o  of o e of e 

 ab or o  ba   e urre  
or   e ua o  a  u e  o e er  

 a  E FS e er e  Figure 115  
to study the coordination chemistry in 
xCrCl3•6H2 y zH2   a  o  a  
it is possible to change the complexes from 
[Cr(H2 6]3+ to [CrCl (H2 2 ]0 - a era e 
of e o e e   o u o  by ary  e r 
o o o

e e re u  ere o b e   e y 
ea ure e  o ro e e a e   o 
e o e ra o  ro e  of ar ou  o  a  
o e u e   e e ure  o a y  

 a  o b e o ere a e be ee  e 

o e ra o  of o a  oor a e  a  free  
o e e   y e  a uab e for a o  abou  
e ere  e e  u  o  ey be a e 
 e e  o e  a  o  ey a  ue e 
e e e ua  e e ro a    re e  e 

re a o  of e o e ra o  ro e  o o er 
important properties of the electrolytes was 

u e  Fro   e be a our of e a er 
molecules in the DES–water mixtures could 
be e   e o u y of e u  
(Figure 116  For ES   ery e a er 

Fig. 115: e E FS 
oscillations and their 
corresponding Fourier 
transform spectra 
clearly show that the 
re a e o r bu o  of 
the oxygen and chlorine 
shells depend on the 
composition of the  

ES a er ure

Fig. 116: a) e o u y rea y e e  o  e a ou  of a e  a er  
b)  re   a o orre a e   e oor a o  e ry a  e 

e e y of a er a  o be or ora e  o er a  e e



ro u   ee  eu e  o e  
o ar  a u a ab e ro u -free 
ee  a  ro e   er o  a b   

P  er oor  b   e S ry er b   
 e ee e b   a er ee   

P  No e a  e  R  a  eu  a  a   
 a  e e a  Green Chem. 21, 3637-

0 20  o  0 0 00 0
(a) Ghent University, Ghent (Belgium)
(b) OCAS NV, Zelzate (Belgium)

(c) KU Leuven, Leuven (Belgium)
(d) ESRF
(e) Queen’s University Belfast, Belfast (UK)

[   er o  et al., Dalton Trans. 48  2 -2 2  20

EN F N N  R E F N ERS  
P  N R E S R RES N E SE E E 

N F N
This study followed the evolution of palladium nanoparticles during the selective catalytic oxidation of ammonia 
                 

unreported Pd nitride structure that was present during catalysis and showed how further evolution of the 
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inside, the dominant species is [CrCl3(H2 3]0  
e o  o u y of e e ure   ue 

o e o b e  e e  of e o  a ou  of 
independent charge carriers, low amount of 
free  a er a  o  o y  o  a o  of 

water, the hygroscopic and highly chlorinated 
complexes will absorb the majority of the water 

o e u e  a  a  a  e o u y 
 ay o  Fro  e o e  a  o  of 

the complexes are present as [CrCl2(H2 4]+, a 
considerable number of the water molecules will 
be free o o e  e u   re u   a 
o er o y a  er o  ob y

e re u  of e oor a o  e ry a  e 
be a our of e ere  o e e   o u o  

were based on EXAFS experiments performed at 
beamline BM26 (Figure 115  ura e e a -
ligand distances were combined with estimates 
of the coordination numbers in each complex to 
u or  e  e er e  a  o ob a  
e o e ra o  ro e  a   u e  

abo e  e e re u  ere a o u e  o o ru  
an analysis tool to monitor concentrations of the 

o a  oor a  a  free  o e u e  a  
o   e ES- a er ure   for a o  

can be obtained by using three characteristic 
a ue  of a e  e ru  a  u  for 
e a a y  oo  o e ue y  e e  

are ery a uab e for e fur er o a o  
u er a  a  o or  of  o a e 
a  u a ab e e e ro a  ro e

e ar fu  a ure of N x emissions from 
au o o e e e   e  e ab e  a  
e a o  o  e ua e  of er b e e e  

of NOx  e au  rea   be o  e er 
er  urre  e-N x technologies utilise NH3 

to reduce NOx o e e ro e a y be  

N2 (NH3-S R  e urre  r e o re u e N x 
emissions has led to de-NOx technologies using 
greater amounts of NH3  o e er   a  
e  o rea e  e e  of u rea e  o  N 3 

 e e e au  rea  o re e a e  
ue  a e e e N 3 oxidation step (NH3-S  

downstream of the NH3-SCR process has been 
ro u e  e e e y u  be o ar  

N2 a  o er-o a o   e r e o ore 
unwanted NOx  Su or e  P  a o ar e  

a e ro e  y a e for N 3-S  o e er  
there is a strong temperature dependence 
o  e e e y of e ro e   or  
describes operando spectroscopic studies during 
NH3-S  a  a e  re  orre a o  be ee  

e e o  ru ure  of P  a o ar e  NP  
a  e e e y o ar  ere  ro u  

 a  o b e  e-re o e  P  -e e 
e e e  -ray ab or o  e ru ure 
E FS  a  u e re e a e frare  Four er 

Fig. 117:  
a a y  a y of 

  P γ-Al2O3 
for NH3 oxidation 

at increasing 
e era ure  

Reactant gas feed: 
0  N 3  2  2, 

 e



S ru ura  e e y of u or e  P  
nanoparticles for catalytic NH3 oxidation 
re o e  u  o b e  o era o 
spectroscopy, E   a  a b   
E   b o  b  R   a ore b   

 R  a o  a b e  P  o er f   
 u a b   E  Er e  f   
 ar a re b   ro er   
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ra for  R F  e ro o y u y a  
performed under NH3-SCO conditions at SLS, 
S er a  Figure 117  e  e a  
composition as a function of temperature, three 

 a e  are ob er e  a  e E FS a  
R F S a a ea  o e fo o  o u o  
  er a  P  e e   for e  ur  e 

o - e era ure re e 00   1  200  
where the main product of NH3 oxidation is N2; 

 P  NP   a bu  e a  ru ure a  a 
surface oxide are formed in the mid-temperature 
re e 240   2  00  ere a  rea  
amount of NH3 is oxidised to N2  a   
bu  P  NP  are for e  a   e era ure 

3  00  a  are e  o e ro u o  of 
N  

er a  P  y r e  a  arb e  are o e  
determined through Pd K-edge X-ray absorption 

ear e e ru ure NES  u e  ere 
e a u  of e e o  NES ea  

e rea e   e y a   o o er e er y  
o e er    or  e o y o er a  

structure types possible were Pd hydride and 
P  r e  o er  e ro e  o o  
(i.e.   00  a  e ab y of P  y r e  a  
these temperatures, it was hypothesised that an 

er a  r e a  e o  e y ru ure  
o e  a  a  o  bee  re ou y re or e  

 u a b uou  e o  of ere a  
be ee  e e o ru ure  a  ee e  o 
this end, operando NH3 oxidation studies at the 
Pd L3 edge were performed at beamline BM28  

Fig. 118: In-situ  
Pd L3-edge XANES of 
P γ-Al2O3  ere  

a  e ro e   
NES o e e  a er 

in-situ reduction in H2 at 
200°C, then exposure to  
a) inert He at 100°C 
b a  b) 0  2 at 

room temperature 
a e a  a   

c) 0  N 3 2  2 e 
a  00  ree

P  y r e ru ure  a e a ear a ure  
the post-edge region of the Pd L3 XANES, which 

a  ab e  ur  e e e a o   
made it possible to exclude PdHx as a possible 
structure type (Figure 118  

 u y e o ra e  e ru ure fu o  
a y re a o  a  ar e ur  N 3 
o a o   u or e  P  a o ar e  
Fur er ore   a  e e  a re ou y 
unreported PdNx structure that forms during 
catalysis and is responsible for the desired 
e e y o ar  N2    a ey  

not only for NH3 oxidation, but also in terms of 
e a o  of e P Nx structure, which could 
a e broa er a ab y o o er area   
a a y

N  E R N N F SS S  R  R S
Carbon is the essential building block of life on Earth. Its complex speciation drives the functions and properties of 
all life forms and organic matter. X-ray Raman spectroscopy is combined with tomography to obtain a 3D image 
of the carbon speciation in a 53-million-year-old ant fossil enclosed in amber.

e e o  a a ab e for e e a o  
of or a  o ou  u er fro  e ere 
o ra  e  a e  o a e  a er a  

a e e ara e  e o  o y ba e  
on chromatography, allow high-precision 

e a o  of a e  o e u e   
ro- a e  bu  are e ru e  Four er-

transform infrared spectroscopy, optical 
Raman microspectroscopy, and secondary ion 

a  e ro o y a e a o  ue o 
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uore e e ba rou  Ra a  a  a  
e e ra o  e  -ray  a e e ou  e er y 

to eject core electrons from an atom whose 
b  e er e  u ue y e fy ea  e e e  

X-ray absorption near-edge spectroscopy 
NES  robe  e e er y e e  of e y 

orbitals near an absorption edge, which contain 
e a  bo  for a o  NES  erefore 

u e  o ua a e y e fy e e a  
forms in which a selected element is found in a 
a e  arbo  a  a  -ray ab or o  e e a  

2 0- 20 e   e o  -ray re e  e ro  
absorption and corresponding short penetration 
depth of X-rays in this energy range impose 
experimental constraints on the sample and 

 e ro e  o o er o e  a o  
deeper penetrating hard X-rays can be used with 
a  a roa  o  a  -ray Ra a  a er  

RS   RS  -ray  are a ere  e a a y  
 u  a a  fra o  of e r e er y e 

e er y o  o ro o e e arbo   e e ro  
o u o u e  orb a  RS e ro e er  

are able to obtain absorption spectra of low-Z 
e e e  e arbo  u  ar  -ray   e 

 o 0 e  ra e   e e e er e  -ray  
a  a  rou  u  o e era  e re  of 
a er o u y e bu  e a  e a o  

of a ere  a e  a er a  Re u  e ra 
a  be a a y e  o e fy e ere  arbo -

containing chemical groups in the sample from 
e r ara er  ab or o

 RS-ba e  a  a  e oye  o ua e 
e e a  o o o  of a - o -year-

o  a  re er e   a ber Figure 119a  
using the direct tomography set-up at ID20  

e o e o  of u e e e o  by ra er 

scanning the object made it possible to construct 
a  o o ra  o u e ere e o ra  

 o er e  by e e a  a er  a  
(Figure 119b  e o e e  y er e ra  

a a e  e  o re  ob er a o  of e fo  
morphology (Figure 120a  o ra  ob er e  

 e e e  a e e re e e of ere  
e a  o ou  e RS e ru  I E, X  

a  a e  o e  of oor a e  X = (x,y,z   a 
ear o b a o  of e e ra of e ere  

o ou  re e  a  a ba rou  a  
fro  a e e e e ro  ba rou  a  o o  
scattering:

I E, X  
 

N
∑ An(X Inref,norm E   1(X   2(X  E

 n=1

e  of ea  e er e a  RS e ru  a  
erfor e  u  a o - ear ea - uare  

procedure, where the initial reference spectrum 
Iref,norm E  a  e a era e  a ber e ru  
As shown on the map of the quadratic error of 

e  e e ra  a a er o erab y fro  
the amber for a 1-pixel-wide line at the location 
of e e  for er u e Figure 120b  

e ar ro o  u e  a erar a y 
structured material composed of an external 
thin epicuticle layer, rich in lipids and proteins, 
and the exocuticle and endocuticle composed 

a y of - ro e  o e e   
((C8H13O N n  a ear o y er of β- 4 e  
N-a e y  u o a e  u e o  arbo y ra e 
o ou   o  a er o ub e a   o  
o be u e e ay re a    refere e 

e ru  a  erefore a e  o e  
o e  e re u   e re e e 

of o  e a  er r   e 

Fig. 119: a) a  o o ra  of e e e  
b)  re er  of e a  u e bro  o e  
ba e  o  e o a  a  e y  c) Clustering 
of e a  u e o e  bro  o e  o   

(b)  a e   o b e o u  be ee  o 
classes of chemical signatures, corresponding to 

e a a  arbo  b ue  a   re

Fig. 120: a) o a  e y r ua  ro -
e o a  a e  b) Spatial distribution of 
the quadratic error showing the distinct 

chemical regions of the sample when 
erfor  a  ba e  o  e a ber 

refere e



Carbon speciation in organic fossils using 
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E N F SS E S  PR PER ES N 
0 N E R E N

The way the structure and dynamics of amorphous materials relate to their metastability is one of the current 
challenges for understanding glass transition. A link between stability and elastic properties of glasses was 
revealed by applying X-ray methods to a glassy amber dated back to 110 million years ago.
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a  e o e e o  e r  be  a o e u ar 
signature typical of polysaccharides such as 

 e ra  urfa e   e a  ru ura  
o o e  of e e  e o e e o  a  
e e o  a a  arbo  or a  urfa e  

a product of burial diagenetic transformation 
of the original chemistry of the organism 

(Figure 119c  e e  e o ra e e 
o e a  for  RS a  a  a bu  e e 

probe of chemical speciation in a carbonaceous 
fo   a roa   e  a eo o o  o 
ear  abou  e e  b o e ry  o e u ar 

e o u o  a  e a  era o  be ee  
or a  a  e r e o o a  e

a e  are  a  ou -of-e u br u  
state, such that their structure 
o uou y e o e  o rea  

e er e a y fa ourab e  ore 
ab e ro o  o ura o  

Consequently, their physical 
ro er e  are o  u ue y e e  

bu  e e  o  e r er a  ory  
During the last decade, great interest 

a  bee  fo u e  o  e a  
e e e e e of e bra o a  

properties of glasses on the ageing 
y a  r  e r ab a o  

e bra o a  ro er e  a  e a  
 o e a e of e re a e 

minima of the potential energy 
landscape that the glass explores 
in the stabilisation [1]  oreo er  

ey are ar u ar y re e a  
be  re o b e for u er a  
thermodynamic anomalies with 
re e  o ry a e o  e e 
a o a e  a e bee  re a e  o a 

ara er  e e   bra o a  
e y of a e  S  o er e 
ebye e e  a e  bo o  ea

Fro  a  e er e a  o  of e  o e of e 
a or ur e  for a re  a e  e e  

is the limited stability range accessible on 
abora ory e a e  S e o a eou  

a e  are  a  ou -of-e u br u  
state, such that their structure 
o uou y e o e  o rea  

e er e a y fa ourab e  ore 
ab e ro o  o ura o  

Consequently, their physical 
ro er e  are o  u ue y e e  

bu  e e  o  e r er a  ory  

a  bee  fo u e  o  e a  
e e e e e of e bra o a  

y a  r  e r ab a o  
e bra o a  ro er e  a  e a  

 o e a e of e re a e 
minima of the potential energy 
landscape that the glass explores 

 oreo er  
ey are ar u ar y re e a  

be  re o b e for u er a  
thermodynamic anomalies with 
re e  o ry a e o  e e 

Fig. 121: o ar o  of r e b ue o  a  e  a  re u e a e  b a  o  
a  e  a ber  (a) e  ea  (b) re u e  S E E2 a   ba e  o  FE  
in the inset; (c) acoustic attenuation; (d) a are  ou  e o y  u o a   

a  o  fre ue y  arro  fro  [2]

ab a o   u fea b y o  e o e o a  
ay of ob a  a e  of ere  ab e  

is by tuning the quenching rate while cooling 
e u  S e a y  o er ra e  orre o  
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to states with lower potential energy and 
u  er ab y  o e er  e ab y 

ra e o ere   e  u ar  by er a  
o u y a  a ea  e o o y  a  
o ar  by e o urre e of ry a a o  

 u y r u e e  e e a o  by 
e o  e u ue o or u y o ere  by 
a glass that has experienced extreme natural 
stabilisation: fossil amber extracted from the 
outcrop of El Soplao, Spain, dated to 110 million 
year  a o  

o o are a e  ar  e a e e a  
o o o  bu   ery ere  a e  e 
r e a ber a  re u e a e   a  

annealing to the supercooled liquid phase to 
erase its geological thermal history, followed 
by a oo  a  a ar  ra e  e ere  

ab y  e e  by e e o er  u  
 e  ea  Figure 121a  a  ua e  

by  o er e e era ure f for pristine 
a ber e o er f  e ore ab e e a  
By applying a combination of X-ray scattering 
e ue  e ru ura  a  bra o a  

properties of the two ambers were compared in 
e  ra e a  ara er  fre ue e  of 
e bo o  ea  S e a y  e re u e  S 
E E2, was measured by performing inelastic 

-ray a er  S  e er e   u ear 
resonance analysis at beamline ID18, exploiting 
the high energy resolution and the possibility 

of e ra  e a ere  e y o er a 
ar e o e u  ra fer ra e  e o e e 

e a o  o r bu  o e bo o  ea  ere 
examined measuring phonon dispersion and 

o e a e ua o  by o e u -re o e  S 
at beamline ID28  

ere y   a  fou  a  e bo o  ea  
ubiquitously present in standard glasses, persists 
in pristine amber but appears less pronounced, 
b ue- e  a  broa er Figure 121b  a  

 e re u e a e  a   e y er-a e  
amber, the attenuation is slightly reduced 
(Figure 121c  e e a ou  o e  are 

er a  e b  o e er o  i.e., excess 
 a are  e o y Figure 121d  re a e o 

the low frequency limit measured by Brillouin 
Light Scattering [2], indicating increased 
re a a o  e  r a y  e o a o  
to the microscopic structure accompanying 

e a e   e bra o a  ro er e  ere 
e a e  by e-a e -ray ra o  

a  bea e 2  Pr e a ber a eare  
o o e eou y e e   a ay e u ar o 
a ura  ab a o  a  ere  fro  a  
au e  by y ro a  o re o   e 

e er e a  e e e a  ra o a e   
e F u ua  E a y eory FE  a  

accounts for disorder in terms of microscopic 
ra o  a a  u ua o  of e e a  
o a   a e   o b e o e ab  

a ua a e  be ee  a  ab y  or 
e u a e y  e  o  e e er y a a e  
and the dynamic disorder encoded in the boson 

ea  Figure 122  

In conclusion, these results show that 
approaching the bottom of the potential 
e er y a a e o er a  u re e e e y o  
spontaneous stabilisation, the elastic matrix of 
the glass becomes increasingly less disordered 
(with sharper elastic constant distribution and 
longer correlation length ε  ou  e a  
re a   ara er  bra o a  a o a e

Fig. 122: S e  of e o e a  e er y 
a a e rey e  a e   r e 
b ue o  a  e  a  re u e a e  b a  
o  a  e  a ber  a  e ob er e  
o a o   e bra o a  ro er e
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mineralogical and physico-chemical characterisation of the AS powders to gain insight into the possible 
pathogenetic processes.
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AS is a composite material manufactured 
by assembling powders, and occasionally 
fra e  of a ura  o e   a b er  
A widespread and appreciated AS employs 
unsaturated polyester resins as binder, and 
ry a e a a  o e  Fo o  e u e of 

AS in large-scale production, numerous diseases 
a o  S or er  S  o e  ara er e  
by or  a e y a   e er y  ere 
described [1]  Su  re o e  o e er  
a o  be fu y e a e  by ua a e 

re a o   e o ure  o  e fa or  
a y a e  e o e a  o y of u  

systems, the presence of transition metal ions 
a y Fe  a  ra a  o  e S urfa e 

u  be a e  o a ou   a o  o 
possible alterations resulting from mechanical 
rea e  E er e a  u e  o  S 

powders [2] pointed out the peculiar interaction 
between respirable crystalline silica and the 
re  ro  a  oa  o er e era  
urfa e  ur  e ou er o   
ro e ure   e er e a  ara er a o  
u y a  u er a e  o  u r a  S a e  

to highlight the chemical and physico-chemical 
changes that can occur during industrial 

ro e  Ra  a  ro e e  u er e  
a  ry o  u r a  S a  a a y e  
by means of scanning electron microscopy 
SE  o er -ray ra o  P R  
-ray uore e e RF  -ray ab or o  
e ro o y S  a  bea e S  BM08  

a  o uou  a e  a  u e  e e ro  
ara a e  re o a e EPR  e ro o y  

e a  a e e e  of  ara er a o  
resulted in the description of the mineralogical 
o o o  of e o er  e o er  are 

always constituted by crystalline silica, with 
e er uar   or r oba e b  a  a or 
components, and only minor mineralogical 

a e  be o  o e ra  for u a o  
e e a  o o o  e re e y ar ab e 

due to the intrinsically heterogeneous nature 
of e S a er a  oe  o  re ea  e a  

er r  a o a e  o - or b-bear  
a e  o er e y  a ear a e er e  by 

means of a detailed statistical analysis, aimed 
o a er a  a ura  e a  a o a o   

e e a  er r  r a e  ra  fro  
processed samples, and wet from dry processed 
a e   a ree e   e a  re u  

e e e  -ray ab or o  e ru ure 
E FS  a a y e  o  a   bo  e  a  ry 

ro e  o a a o  by e a  Fe e y 
ro e  by or  oo  o ur  Figure 123  

oreo er    fou  a  e o a o  
induced by mechanical treatments extend 
to all the detected Fe forms by modifying Fe 
oor a o  a or Fe o a o  a e  e  

a  u e  EPR ur ey of e a e  a e  
possible to assess apparent changes in the radical 

e a o  S e a y  a o a  ra a  ere 
ob er e   bo  e ry- a  e - ro e e  
samples (Figure 124  No a e  a o a e  
with the type of processing were found, whereas 
distinct additional radical species (mainly of the 
Si• y e  ere e e   - a  b-bear  
a e  or  o e re u    o e  
a   e  e a  o a a o  of e 

parent AS occurs depending on the wet or dry 
ro e  a   ro e  of S re u   
e e ab e a e  of e Fe e a o

e a e e a  of u  o a a o  
are y re e a  for o y u e  e re o  
a  o  e e  are o e  [2]  oreo er  a 

e e a e  ra a  e a o   o era e  
by S ro e  ee  a ery e u ar e era  
be a our of e e a er a  a  be ferre  

ere e a  o a a o  a  rre er b e 

Fig. 123: Ratio between 
metallic and total Fe 
content (Fe0 Fetot  
e a ua e  fro  E FS 

a a a a y

Fig. 124: EPR spectrum of a 
sample where the additional 
radical species is highlighted 

 re



EF N N  E R N E S E F R 2 
E E R RE N N ES P R S N R EN
DOPED CARBON

Electrochemical reduction of CO2, using water as the proton source, is a sustainable solution for CO2 abatement. 
Iron cations inserted into nitrogen-doped carbon have emerged as a promising family of electrocatalysts for this 
reaction. In this study, several X-ray spectroscopy techniques were applied to unravel the local order of such 
atomically dispersed iron.

e a  ar ab y of ar a  o e 
o er   re a o  o e r ea  e e   

F   e e e o a   a er  a   
 o e ro  b    Par    
 o eo  F  a o u o e   
 o e  e    e ore f   

F  a o f  F  a a    Po    
 E  a a   u a  a  a   
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(e) Dip. Chimica, Università di Firenze 
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[  R  F  oy et al., Occup. Environ. Med  75  -  20
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thermo-mechanical processes modify the 
chemical and physico-chemical features of the 

are  a er a  ea  o ere a e  y e  
of e o ure for S or er  o era  e ry or 

e e  o   a  re e a  a  ea  
 e re e e of u u ua y  e e  of 

cristobalite, a contaminant whose toxicity is 
o ere  e e  er a  a  of uar

Hydrogenating CO2 o a uab e fee o  
u  ree  y ro e  o er  e o b y of 
directly sequestering this greenhouse gas into 

y e a e  u y e a  ereby  
the electrochemical CO2 reduction reaction is 
be  rea y e a e  o er ere  
electrodes for the production of CO, HCOOH, 
CH3  a  o er  e o b y o e a e 
the production of one particular chemical 
re e  o  a e a y o ro e  rea o   
depends itself on the energetics of adsorption 
of e ere  rea o  er e a e  o  
end, emerging atomically dispersed metal 
a a y   be er- e e  ru ure a  

a e e  o er a u ue o or u y o 
e ore ru ure a y re a o  r  

e e e y  ere  a fa e a roa  o 
prepare mesoporous nitrogen-doped carbons 
with atomically dispersed iron sites through a 

e a  or a  fra e or - e a e  y e  
is reported [1]  e urre  e o  o  
of  y ro y  of e ra e y  or o a e 

S   e ru ure of a  ro - o a  
F-  a er a  F- -Fe   - e era ure 

yro y  a   S 2 e a e ea  e 
SiO2-a e  a roa   a  for b  e 
formation of iron nanoparticles, preferentially 
generating atomically dispersed iron sites, and 
creating high surface area and mesoporosity in 
the carbon matrix (Figure 125  

e a er a  a  e e   e e e ro a a y  
reduction of CO2 and displayed high CO Faradaic 
e e y 0    urre  e y 
a  oo  ab y  ue o e o ry a e 

a ure of e ro  a e a e  -ray ab or o  
a  e o  e ro o e  S ES  ere 
a e  o u ra e  e e a  e ro e  

Fig. 125: Schematic 
illustration of the 

synthesis of the 
mesoporous nitrogen-

doped carbon with 
atomically dispersed 

ro  e



S ru ure-a y re a o   e a  
or a  fra e or  er e  e o orou  
nitrogen-doped carbon containing 
atomically dispersed iron sites for CO2 
e e ro e a  re u o   Su  a   

R  a  a  S  u -  b   
 a a   a   u ar   

-  a e a   F  a e a  a  
 a o  b  J. Catal. 378, 320-330 

20  o  0 0 a 20 0 0
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(The Netherlands)
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on beamline BM16  -ray ab or o  ear-
e e ru ure NES  a  e e e  -ray 
ab or o  e ru ure E FS  e ro o e  
e u e  e uare- a ar o ura o  of 
a e or yr  o e y a  o r e  a 

 er o  of a o  ro    r a e  
a e  

e  e o o  eba e o  e ru ure 
of ro  a e e  ob e  o  ro e -
doped graphene and the limits of the 
abo e ara er a o  a e e- o- ore  
X-ray emission and high-energy-resolution 

uore e e- e e e  NES ERF - NES  
spectroscopies coupled to density functional 

eory F  a u a o  ere o u e  
o fur er re e a ru ura  o e  [2]  e 

a  o a o  for e ES u y a  o 
o er o e e a o  of E FS o er  
the discrimination between oxygen and 

ro e  a o   e r  oor a o  e  
by e a ua  e e er y o o  of e β” 
a e e  e e er e a  - β spectrum of 

the Fe electrocatalyst is shown in Figure 126. 
e e e y  e - β spectrum presents 

o y a broa  ea  e re  a  0  e   
the Kβ2  re o   o ear ea   e 
Kβ  re o  e e a a o  of e fa  β  

e y o e  a o u a e  y e  arou  
e ro  e re   u  oor a o  e 
a  a o  orb a  o r bu e a y 

through sp2 hybridisation to the π-system, 

e ab y e rea  e r ar a o   e 
σ-fra e or  

Fro   ea  e e  o u a e  o e  ere 
calculated that were thought to potentially 

a  e e er e a  - β spectrum 
R  o e er  e ERF - NES 
e ru  F NES   a  u ra o  o e of 

the studied models is shown in Figure 126, 
together with its theoretical XANES and XES 

e ra  e o  fa ourab e a ree e   
eory a  ob er e  for o e  a  a   

o o  a or yr  e ro e  arou  
iron, completed by the coordination of the 

a er o e u e  a or y ro y  rou  e 
low intensity of the Kβ  a  fur er e a e  
by  u u e of o ura o  er ar  

e  e e y o  ob er e  ur  e 
electrocatalytic reduction of CO2 was explained 
by a o a  F  a u a o  u  e 
molecular models hinted at by XAS and XES 

e ro o e   a  fou  a  e ro  a o  
ra e   u  a or yr  e ro e  
e rea e e free e er y barr er  of  

for a o  a  e ab e e a or o  of  
re e  ub e ue  y ro e a o  e  

e e re u  e o ra e a  ERF -
NES a  - β spectroscopies combined 

with theory are a powerful tool to explore the 
oor a o  e ro e   e e a  o er 

a o a y er e  a a y

Fig. 126: Comparison of 
experiments and theory for 
HERFD-XANES and 

- β spectroscopies for 
one molecular model, 
shown in (a)  
b) HERFD-XANES spectrum 
of the Fe electrocatalyst 
compared against FDMNES 
a u a o  

c) o e e e  o or 
orbitals corresponding to 
the assigned regions of the 
Kβ  a  β2  ea  
d) - β spectrum of the 
Fe electrocatalyst compared 
a a  R  a u a o
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Underground radioactive waste repositories are characterised by strongly reducing conditions, rendering most 
radionuclides into their least soluble form. However, under these conditions, plutonium converts into a trivalent 
aquo-complex, which could leach into groundwater. X-ray absorption spectroscopy is used to show that this risk 
is not as high as previously assumed, since two competing chemical retention mechanisms are able to retain 
aqueous plutonium.
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Ra oa e a e re o or e  ee  o re a  
e o  o - e  ra o u e  o er u re  

of ou a  of year   re e  ro y o  
accurate predictions of chemical processes 
a ro  u  e a e  For a e  a e 
o a er  e e  e  a e fro  e o  

durable stainless steel, will corrode and hence 
may no longer present a physical barrier between 

e ra oa e a e a  e e e ua y 
ra  rou a er  e o  or a  

orro o  ro u   a e e  a Fe Fe -
o a  e  a e of  urab y  e 

of e o  ra o o  e e e   u o u  
If plutonium could not only be sorbed at the 
urfa e of a e e  a  re ou y o  [1], 

but could also be incorporated by this mineral, 
 ou  re e  a  e e  be er ro e o  

against leaching, especially when the chemistry 
of the groundwater changes, for instance by the 

e  a er  a er a o er e a e

Pre ou  re ear  a  u e e  a  r a e  
lanthanides, which are chemically similar 
o r a e  u o u  are ru ura y 

incorporated by magnetite, hence it was 
e e  o e a e f  ro e  a o a e  
a e for u o u  e  e e e e  o  

plutonium solubility in magnetite, only X-ray 
ab or o  e ru ure FS  e ro o y 

 ab e o e u a e  a  e o e u ar a e  
erefore  u o u - o e  a e e a e  

ere e a e  a  bea e BM20, which 
has all necessary safety features to handle 
u  ra o o  a e  Figure 127 shows 

the obtained spectra of fresh Pu-magnetite 
coprecipitates (samples Pu-Mag-1300 and Pu-

a -4400  a  e  a  a e  a er a  Fe -
induced recrystallisation procedure (Pu-Mag-

00-re  a  Pu- a -4400-re   o ar o  
of the X-ray absorption near-edge structure 

NES  a a Figure 127a   e e e  

Fig. 127: Pu L3-edge XAFS spectra 
of magnetite coprecipitation 

a e  a  e e e  refere e  
a) NES e ra  

b) 3- e e  E FS e ra  
c) Corresponding Fourier 

ra for  a u e  For 
(b) and (c)  b a  e  are 

experimental data, and blue lines 
are F - er e  re ro u o  by 

o o o e



Plutonium retention mechanisms by 
magnetite under anoxic conditions: 
E ra e  er u  or o  

 u a  a b   Fe auer e  
 S    ao a   a er  

a    S e o  a b  ACS Earth Space 

Chem. 3  2 -220  20  
o  0 02 a ear a e e b00 4

(a) HZDR Institute for Resource Ecology, 
Dresden (Germany)
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(c) CEA Nuclear Energy Division Marcoule, 

Bagnols sur Cèze (France)
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references shows that all Pu-magnetites contain 
u o u    r a e  o a o  a e  e 

corresponding EXAFS spectra (Figure 127b  
re ea  a  e re ry a e  a e  o a  

u o u  re a e y a  e r e a e or o  
o e  re ou y e e e  [1]  efore e 

re ry a a o  o e er  e e ra ere 
o b e o a a y e by e   a  

a subsequent principal component analysis 
showed why: these spectra consisted of two 

ere  u o u  e e   abou  e ua  
a ou  e e ru  of e r  a  e a  
o e or o  o e  Pu- a - orbe  ba e  

on this information, the spectrum of the second 
u o u  e e  o    Figure 127c  

ou  be e ra e  a y  by e   of 
component 1 showed that plutonium did not 
simply substitute for iron in magnetite, where 

 ou  ee  a  o a e ra  e ro e   
eare  o y e  e bour  bu  a o e  a  

e -fo  oor a o  o o y e  

 e u ar oor a o  e ro e  a o  
with the distances of the nearest Fe atoms, 
u e e  a  Pu rea e  a yro ore- e 

e ro e    e bour oo  ou  o a 
ra a  a e of   e Pu-Fe a e  
beyond were commensurate with the longer-
ra e a e e ru ure  Pyro ore  are 
notorious host phases for lanthanides, hence it 
is not surprising that Pu, with its similar large 
o  ra u  of   e  be er  u  a  

e ro e  u e  ur r   o e er  a  
pyrochlore did not form as a separate phase, but 
rather as tiny islands within the already small 

  a e e a o ar e  

e a o o  of a yro ore- e o a  
e ro e   e a e e o -ra e 

ru ure  o  e y u e  by e ra  
coprecipitation procedure, a process named 

e  e ra e  Figure 128  e e a  
yro ore a  are  o e er  ru ura y 

incompatible with the magnetite structure and 
may present only a metastable thermodynamic 

a e  a er e Fe - u e  re ry a a o  
of the Pu-doped samples, the amount of 
incorporated plutonium decreased to about 

0  e e re ea e  u o u  a  re-

a orbe  a  e a e e urfa e  erefore  
rea e ra or  o e  o u e  for e r  
a e e  of ra oa e a e re o or e  

a e o a e o a ou  re e o  by e 
sorption process, while structural incorporation 

 o  e y o y a e orary ro e  o  ery 
re e a  for re  u o u  ra o  
a ro  eo o  e a e

Fig. 128: Plutonium retention mechanisms by magnetite, a steel corrosion 
product, deciphered: structural incorporation proceeds through formation of 
yro ore- e a  bu  re ry a a o  of a e e au e  a  e u o  
of this structural plutonium, which is subsequently re-adsorbed at the most 

re a e   fa e  o u  e urfa e of o a e ra  a e e 
a o ar e
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Molecules and materials incorporating actinide ions possess fascinating magnetic properties, but the 
understanding of their microscopic origin is masked by the complicated electronic structure of the actinide ions. 
X-ray spectroscopy experiments have now aided the disentanglement of the spin and orbital contributions to the 
magnetic moment in a chemically isolated, molecular uranium complex.
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e ere   a e- o a  o e u e  
a  bee  re ora e  by re e  ey  of 

their unique catalytic and magnetic properties 
[1]  e a e  ro er e  of u  o e e  
are ar u ar y u  o u er a  ue o e 
exceedingly complicated electronic structure of 
a e o  re u  fro  ar- e  a  
o e  e e  of e e a  urrou  

a  re a  e e  r  o u  ea y 
e e e    or  -ray a e  r u ar 

ro   e ro o y a  e oye  
to elucidate the microscopic origin of the 
magnetism in a uranium-based molecular 

o e  e e u e [ F6]2– ion was synthetised 
as a spatially isolated complex through the 
employment of large organic counter-ions 
(Figure 129  e ar e a e be ee  [ F6]2– 
ions in the solid, combined with an especially 

e - e e  o a o  a e of ura u  of  
 e uor e-ba e  oor a o  e ro e  

e   y e  ea  for a fu a e a  u y of 
e r  a e  ro er e  of a ura u  

complex in the absence of unwanted magnetic 
era o  be ee  o ue  o  

e a e  ro er e  of [ F6]2– are  a  r  
 u e e o a  a  re e  a o - a e  

rou  a e  No e e e  ura u  o e e  
o u a re  f e e ro   a ua o  a  a 

priori ou  o  re u   a a  a e  
o e  E er e  erfor e  a  bea e 

ID12 ro e u re e e e   o e 
a e  ro er e  of o a e  ura u  

o  -ray ab or o  e ro o y S  a  
 e ra of [ F6]2– were obtained at the 

M4  absorption edges (corresponding mainly 
to 3d → f ra o   bo  e e  a ear 

 a  a  ob er e   a  ar e y 
e e o e e a  u ber of f e e ro  

and the chemical surroundings (Figure 130  
o b  e ua a e a a y  of e S 

a   e ra a o  for a e o o u o  
of the contributions to the magnetic moment 
of e [ F6]2– complex; the spin and orbital 

a e  o e  o  e e o e  ere 
fou  o be eab e a  of ar a u e 
(Mspin  0 4  mB and Morbital  0 4  mB  bu  
o o e   u  e [ F6]2– complex gains 

 r ua y o - a e  e e ro  rou  
state from an almost perfect cancellation of the 
a ara e   a  orb a  a e  o e  

 e u ar ua o  ara e  a  of o e 
transition element systems such as [OsF6]2– 
[2], but with the spin and orbital magnetic 
moments being approximately one order of 

a u e ar er  e ura u  a e  e e 
the common non-magnetic ground state of 

 e ob er a o  of ua y ar e  
a  orb a  a e  o e  ou  a e a 

e e a  o  e u er a  of -
based materials, especially those displaying 
complicated magnetic orders [3]  

e a a y  of e e -re o e  e er e a  
 e ra o u e  e r  e o ra o  

Fig. 129: Chemical 
structure of the 

a a y o a e  [ F6]2– 
complex, showing the 

magnetically insulating 
layer generated by the 

organic counter-ions 
and co-crystallised 

a er o e u e  
  F  ree   re  

 rey

Fig. 130: E er e a  S rey e  a   b a  e  
e ra of [ F6]2– at the M4  e e  ob a e   a a e  e  of 
H    a  4  e eore a   e ra for bo  e f2 

re  ra e  a  f3 b ue ra e  o ura o  ere ob a e  
from multiplet calculations using results extracted from ab initio 

a u a o  o  e e er e a  ru ure of [ F6]2–



[ F6]2–   o e u ar e a uor o 
e  o e   o e a  
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of the applicability of XMCD spectroscopy to 
study magnetic properties of actinide-based 

o e u e  e e re u  a e e ay for a e  

approach to acquiring a deeper understanding 
of the single-ion magnetism of actinide ions in 
bo  o e u e  a  o - a e a er a



At the time of writing, electrons have 
         

Extremely Brilliant Source (EBS) storage 
ring. During the shutdown, the Structure 
of Materials (SOM) beamlines have been 
preparing for the brighter source. In 

       
        

new beamline control system, BLISS, which 
will allow faster data collection, continuous 
scans along trajectories, and many other 
new features.

Fo o  e era  year  of e e o e  [1,2], 
the hard X-ray microscope on ID06 will accept 

ub  u er  a  e re ar  of u er o era o  
ar  e  -ray ro o y u e  fu - e  
u a o  of e a e a  ro e  

mapping of microstructure and lattice strain 
in crystalline matter with spatial resolution 

o  o 00    a a o ou  o ar - e  
e e ro  ro o y  a  a  ob e e e  

a e  ra  fea ure  of e a e  
e u e of -e er y -ray  ea  a  e e 

fea ure  a  be ar e a  ee y e be e  
e ru e  fur er ore a o  re-

characterisation of samples at larger length 
a e  u   -ray ra o  or ra o  

o ra  o o ra y   or o  e a e  
o e ar  -ray ro o e a   e o u o  

into a fully dedicated beamline will be held at 
e ESRF o  r     2020

Materials science beamline ID11 hosts many 
experimental techniques, from microstructure 

a  o e o u o  a  re e e  of 
ry a  ru ure  So e of e r  ub e  

results from the new nanofocusing end-station 
a e o e fro  e a  ry a o ra y  e 
e a e  a o  ru ure of a o e  a o  Pb 

dumbbell in Pb2Si N8 a  u o ere  by e e  
et al. (page 132  u  a y ro ry a  e 
use of high X-ray energies allowed PDF data 
to be collected up to the Curie temperature for 
magnetite, Fe3O4 Per er  et al  page 140  
where the signature of local structure distortions 
ou  be ua e  20  a  bee  a bu y 

year for  a   u  of e bea e 
be  a e  ue o roa  or  a  a ar e 

u ber of a e a e o era o    
a e a  ru e a o  ba   a e rea y 
o e o  e E S our e a  e are oo  

for ar  o e e ery of a e  e o o -
ou  e  e e or

ID15A is optimised for performing high-speed 
u e o a  u e  of or  e a  

systems under operando o o  ery fa  

e-re o e  u e  a  - re o  
o a  a er  e er e  e a or y of 

experiments are from the chemical (catalysis, 
o - a e rea o  a  e er y ba er e  fue  

a  o ar e  er oe e r  a  ferro  
e   ro  a a o  o  fro  

area  a  er e a  eo y  a  u ura  
er a e  Fo o  e E S u ra e  e 
e o  e e o e  o  e bea e  u  a  
e- e o a  -ray ra o  a  

a  -e er y robo o  -ray ra o  
a  S S- S o o ra y   be a a ab e 

 u re e e e  e ora  a or a a  
re o u o  

e o ru o  of bea e BM18 (EBSL3: 
- rou u  ar e- e  a e- o ra  

o o ra y   ro re  ra y  e 
e er a  bu  a  u e   be e ere   
ear y 2020   a e  be fo o e  by e 
e er e a  u  a a o  e ra a o  
e  of e r  o  u   a  arr e  ou  

at the end of 2018 and the radiation test for the 
experimental hutch is scheduled for September 
2020  erefore  a  e o a  e e e   
are currently being manufactured, can be 

a e    ay  ou  e ar e arb e 
oor  e e er e a  u  a  a a o  

of the sample and detector stages will start in 
Se e ber 2020  e o o  a e 
will begin in February 2021, with the start of 
u er o era o  e e e   Se e ber 202

e year of e u o  a  u e  o a e 
microtomography beamline ID19 for the 
new EBS source: new primary slits are under 
installation to handle the heat load from 

e fore ee  - a uu  u u a or  er 
commissioning of the beam enlarger system, 
it was dismantled and transferred to the optics 

u  of  Se era  e a a  e e e  
of e r - o a  o o ro a or a e bee  
rebu  o rea e e r e  re u   
be er ab y a a  bra o   a o  
to the selected articles in this chapter of the 
ESRF Highlights, the paper by Kingston et 
al. [3] abou  e r  e o ra o  of o  
o o ra y  ar  -ray  ou  be o e

e -re o u o  o er ra o  bea e 
ID22  a e e ery of a e E er 2  
detector in June 2020 to replace the scintillation 
ou er  be  e a a y er ry a    
ea  o ro e e   a u ar re o u o  

a  a a  ua y a   a e  e ea  
be   e e o e  ere e e   20  
and 2018 [4]  e E er e e or a  a o be 
used without analyser crystals, replacing some 
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of e fu o a y of e Per  E er e a  
imaging detector that is currently used for 
fa  P F a a y   e  u - e u - oo e  
cryostat with a large opening window has been 

e ere  by e ESRF a e-e ro e  
rou  a   be u  o er e ur  2020  

allowing PDF measurements below 100 K to be 
arr e  ou  ore ea y

e re u e  ea  ur  e u o  of e 
high-energy beamline for buried interface 
structures and materials processing, ID31, 

e o e  20  o a a- ro e  e e o e  
data analysis and to producing articles for 

ub a o  S e e bea e a  a rea y 
been optimised for EBS during its construction, 
there were no major EBS preparation projects 

 year    a  o - a e o -β beamlines, 
e e e  a -fo  rea e  e e  u  

 a f e or o a y fo u e  bea  e  

A unique new team for topography and 
ro o o ra y er e  a  bee  rea e  

to coordinate and carry out commercial 
a e  o  S  bea e    e  
capture opportunities to share resources, 
a  e e o  au o a o  a ro  e era  
bea e   ar u ar for ro o o ra y  
e ue  u  a  e-bea  o o ra y  
o o ro a  ro  ur e a  a  

e -re o e  e o a  o o ra y  
au o a  a e a   a er a o  

ua a e a  ua a e for a o  o 
be ob a e  o  efe   e ry a   
a a e  a e a er for o o ra y 

a  bee  e e o e  a  au o a  a e 
e r  u  b e  o o ra y  

u er e e o e  o rea e e rou u  
fur er  e fu  er e ro e  by  ea  
from experiment design to measurement to 
re or  e  u ry u  a  ea y a e  
to exceptional tomography and topography 
measurements, exploiting the high data-quality 
of ESRF bea e

V. HONKIMÄKI

[1] Kutsal et al  Mater. Sci. Eng. 580  0 200  20
[2] Simons et al  Nat. Commun  6  0  20
[3] Kingston et al., Optica 5   20
[4] Dejoie et al  J. Appl. Cryst  51  2 -  20
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E N R EN P N S  N  Pb2 
E S N E N R S E Pb2Si N8

As known from the primary explosive lead azide, Pb(N3)2, Pb–N compounds easily decompose into the elements 
due to internal redox reactions. Incorporating Pb2+ into the pre-built nitridosilicate network [Si5N8]4   
Pb2Si5N8       1       P 2 dumbbells.
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N r o a e   broa  a a o  a  
u e e  a er a   ar ou  E  e e  

e  o e   a a or o  e Eu2+ or 
Ce3+   a o  o e re ar ab e r y of 

y o e e  S N e or  r o a e  
r a y fea ure  ru ura  ar ab y  

Not only can one N-atom interact with up to four 
Si-atoms, two SiN4-tetrahedra may also connect 
by common edges and not only by common 

er e  e e  a u u e of eore a  

ru ure  o e  u  o e ue y  a y 
ere  r o a e   ar ou  ru ure  

a  ro er e  a e a rea y bee  o ere  [1]

As a further challenge, the expansion of elemental 
ar e y  M–Si–N compounds is a fundamental 

ue  ue o e o ara e y o  o a e 
force of nitrogen, nitride chemistry in general, 
and nitridosilicate chemistry in particular, 
be o e  a e  e  o  or   

y re u e e e e  u  a  a a e  
a a e ear  or rare-ear  e a  u  a 

o e  y e  ra e y for r o a e  a  
re e y e e o e  [2,3]  e   e fo o  
equation (M=metal and Ae a a e ear  

e a   Ae2Si N8 + MCl2  M2Si N8 + AeCl2  
 

 rou e  ar u ar y a a a eou  e 
a  o a e  bo   e S N e or  

ay u ou e   e rea o  erefore  
this approach has been successfully applied 
(Ae=Sr and M Pb  for re ar  e r  ea -
nitridosilicate Pb2Si N8 a  20  ue o e 
enormous stability of the [Si N8]4  e or  o 
internal redox reaction between Pb2+ and N  
oo  a e  oreo er  Pb2Si N8 (Figure 131a   

stable against air, moisture, concentrated nitric 
acid, and temperatures up to 1000°C (in N2

e au e of ery a  ry a e   Pb2Si N8 
samples, which are an intrinsic consequence 
of the ion exchange approach, the crystal 

ru ure ou  o  be u e y e er e  
by o e o a  -ray ra o  u  a y 
ry a   3, Figure 131b  a  e e  

by ra o  e e ro  ro o y E  a  
X-ray spectroscopy and subsequently analysed 
at beamline ID11 with microfocused X-rays [4], 
re ea  a fa a  ru ura  a  bo  

ua o  

First, as depicted in Figure 131c, the distribution 
of a e  for Pb N a y e a e  
fro  o  o ou  M2Si N8 (M Sr  a   
contrast to the distances M–N (M Sr  a   
indicate highly ionic interactions between M and 
N, some Pb–N distances are shorter than Sr–N 

e o er  are a y o er a  a N 
a e   a u e  o a  a ou  

of o a e y  eore a  e a o  of e 
bo  ua o  ear y o r e  e  

e ree of o a e y o  o y for S N bu  a o 
for Pb–N interactions [5]

Fig. 131: a) 
Photograph of a 

Pb2Si N8 a e  
b) r - e -

E  a e of e 
crystal measured 
at beamline ID11. 
c) Distribution of 
distances M–N in 

M2Si N8 (M=Sr, 
a  Pb

Fig. 132: a) 
E ro e  of 

the Pb2 dumbbells 
in Pb2Si N8 and 
(b) comparison 

between 
calculated density 

of phonon states 
and a Raman 

e ru



Cationic Pb2 u bbe  S ab e   
e y o a e  ea  N r o a e 

Pb2Si N8  P  e e  a  R  Ne o  b  
R  P  S o e  b   E e bur er a  

 er  -  e  a  
 P  r    e er  

R  ro o  b  a   S  a  
Angew. Chem. Int. Ed. 58, 1432-1436 
20  o  0 002 a e 20 24

(a) Department of Chemistry, Ludwig-
Maximilians-University Munich (Germany)
(b) Institute of Inorganic Chemistry, RWTH 

Aachen University (Germany)
(c) Institute for Mineralogy, Crystallography 
and Materials Science, Leipzig University 
(Germany)
(d) ESRF

[   eu er et al., Angew. Chem. Int. Ed. 50  4-  20  
[2  P  e e    S  Angew. Chem. Int. Ed. 56  4 0-4  20
[  P  e e  et al., Angew. Chem. Int. Ed. 57  240 -24 2 20
[4] F  Fa r bauer et al., Angew. Chem. Int. Ed. 54  0020- 002  20
[  S  a  et al., J. Comput. Chem. 37  0 0- 0  20
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A complex Ni-Pd/CeO2-ZrO2/Al2O3             
         5  operando tomographic 
                

rationalised.
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Se o  a  e e  ore u y  e a e 
between the Pb cations (Figure 132a   
much too short when compared with other 
M2Si N8 o ou    o e er  
is elucidated from density functional theory 

F  a u a o   re ea  a  e 
abo e   o  o y ue o a re u e  
e e e a o  ar e bu  a o o a o a e  
bonding between the formal Pb2+  For a y  a 
(Pb2+

2 resembles the unstable He2 in terms of 

electron count but extreme sp mixing on Pb2+ 
a  a fu o  of y o a e  Pb N bo  
a o a o  for Pb Pb o a e  bo  for a o  
F a y  r - r e  o o  a u a o  
help to clearly identify the Raman signal at 
117 cm  (Figure 132b  a  e orre o  
Pb Pb re  bra o  ereby a y 
corroborating the cationic Pb2 dumbbells in 

e r  ry a o ra a y ara er e  ea  
r e

Heterogeneous functional materials and 
e e  u  a  a a y  o  ba er e  a  

fuel cells, tend to possess complex structures 
ere e  a a  r bu o  of e ar ou  

o o e   rare y u for  Su  a er a  
are o  o a e  e u er o era  
o o  erefore    y e rab e 

to study them in situ  a a y re o e  
techniques to gain an insight into the structure-
function relationships [1]  

Sy ro ro  -ray ra o  o u e  
o o ra y R -  a  be u e  o u y 

complex materials systems in 3D and under 
rea  ro e  o o    e o ra e  
by e e a o  e r be  ere of a o e  

u - o o e  N -P e 2-ZrO2 2O3 solid 
a a y  u er ere  o era  o o  

 a a y  be o  o a fa y of a a y  
used for methane reforming reactions to 
produce CO and H2  a ure a o o  a  

y e  a  a  u e   a - o- u   
u r a  a  o ro u e y e  fue

As shown in Figure 133  R -   ab e o 
r a e be ee  ere  ry a e 

phases present in this multi-component sample 
a  e R e e  a a y  of e ob a e  

ra o  a a a o  e r bu o  of 
e e a e  o be a e  e e re u  are 

er e  fro  a -re o u o  R -  a a e  
of a single catalyst particle collected at ID15A 

  e  e  0  er o  a u o  
e  -ray e er y of 0 e

e e e ero e e e  ou  a o be a ure  
a  e rea or e e   - R -  a  o  

Fig. 133: Phase 
distribution 
maps of Al2O3, 
CeO2, ZrO2, 
N  a  P  

e a  ere 
er e  fro  
e R e e  

analysis of the 
single catalyst 

ar e R -  
a a  e a e 

bar corresponds 
o 0  



 o o ra  o era o ra o  
imaging of a catalyst bed,  

 a a ero  a b  S   a ue    
  e    a ra  b e   

 e oo  f    a o    
E   a u     u e o    

 r e   P  Se e a  a b  a  
  ea e a b   

Nat. Commun. 9  4  20   
doi: 0 0 4 4 -0 -0 04 -
(a) Department of Chemistry, University 
College London (UK) 
(b) Research Complex at Harwell, 
Rutherford Appleton Laboratory, Didcot 
(UK)
(c) Finden, Harwell (UK)

(d) ESRF
(e) School of Materials, University of 
Manchester (UK)
(f) Flemish Institute for Technological 
Research, VITO NV, Mol (Belgium)
(g) Boreskov Institute of Catalysis SB RAS, 
Novosibirsk (Russia)

[    ea e et al., Coord. Chem. Rev  277-278  20 -22  20 4
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The coelacanth Latimeria             
                    

         Latimeria’s brain and skull.
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in Figure 134   ou  be e a e  a  
u  a a y re o e  e a  for a o  
a o  be ob a e   o e o a  a er a  

characterisation techniques such as X-ray 
ab or o - o ra   a o o  a  ro-

 or bu  R  e e a a ere o e e  a  
ID31  ere e be a our of  a a y  be  

a  e a e  u er ere  o era  
o o

y a y  e R -  e ue  a o -
e ru e e ue a  a o  a  rea or  

to be studied, it was possible to follow the 

e o  o - a e e ry   o e  
y e  a  re a e e e a e  o e ar ou  

a e  e a  e ro e  For e a e   
was shown that the Ni-containing species, the 

a  a e a a y  o o e  a  a e e 
form of NiO, NiAl2O4 or metallic Ni, depending on 

e o era  e era ure a  a  e ro e  

e e re u  o  a  rea - e  e a  
a  a  ro e a be er u er a  

of o  e a a y  be  be a e  u er rea  
process conditions and indeed of the complex 

ru ure-fu o  re a o  e a  
tomography techniques are set to be further 

ro e   e o uou  a a e e   
synchrotron brightness, detector performance, 
a e e ro e  e  rea or e  a  a a 

a a y  Su  e ue  a e e o e a  
o ro e  o o e of e e a  

challenges concerning functional materials and 
e e erfor a e  e  u  a  a a y  

e er y ora e a  ra or

Fig. 134:  a  ob a e  fro  e R e e  a a y  
of e - R -  a a o e e  a  roo  e era ure  

o u e re er  of e or a e  a e fa or  a a 
o u e a e r bu o  o u e  e a ue   e 
o our bar a e  a e bee  o e  o a e e e be  
o b e o ra

e oe a a  Latimeria has attracted 
o erab e a e o  e er e a  

e e  a  a ure     e  
oe a a  ere ou  o a e bee  e  

for 0 o  year  oe a a  o  a o a  
o o   e er ebra e fa y ree  ey 

are  o e er  u e  e o y  
e a e  of obe- e  e  a  are o e y 
re a e  o e ra o  e four- e e  er ebra e  

(Figure 135a  erefore  Latimeria is critical for 
our understanding of the origin of tetrapods and 

e e o u o  of e r o e  -re a e

e u  of Latimeria is completely split in 
a f by a o  a e  e ra ra a  o  

(Figure 135b   o   a ery r e 
feature that is otherwise found only in many 
e  obe- e  e  e rear of e u  
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of Latimeria a  e  obe- e  e  
also straddles a surprisingly huge notochord, a 
tube that spans along the body length in early 
stages of life and later degenerates in most 

er ebra e   o ra   o er er ebra e  
the brain of Latimeria is also extremely small 

 o are   e a y a  ou e   
Although Latimeria a  bee  e e e y u e  
for 0 year  o  a e  of  e e o e  
re a  r ua y u o  e ue o  of o  

e u  a  bra  e e o  a  a   ea  o 
er ebra e e o u o  r ere  e u y

Latimeria  o o arou  e  e e o   e 
o u  of e fe a e   e  e  b r  o 

e you  e  u y  e e e o e  of  
 a  o  ea y  Latimeria cannot be bred in 

an aquarium, so embryos and fetuses cannot 
be ea y ob a e  oreo er  oe a a  
cannot be captured in the wild as they are 

ro e e  S e e  a  ere  e e o e a  
stages were therefore acquired from natural 

ory o e o   Fra e u u  a o a  
o re a ure e  er a y a ar a  S a e 

o e o  of oo o y  a  Sou  fr a Sou  

fr a  u e for ua  o er y  e e 
e e o e a  a e  are e re e y ar e a  

they came from the rare captures of pregnant 
fe a e  For a o  e  e  u  ou  
not dissect these precious specimens to study 

e r er a  a a o y  

Long-distance phase contrast synchrotron X-ray 
ro o o ra y PP -SR  a  erfor e  

at beamline ID19 to digitalise three prenatal 
a e   u  a  - o  fe u   

re re e  e ear e  o  e e o e a  
stage of Latimeria  ery o erfu  R  a  a o 
carried out at the Brain and Spine Institute in Paris 
a o   o e o a  -ray ro o o ra y 
o a e o o er e e   far a   

o  e e e  a e  re re e  e 
o  o e e ro  er e  urre y a a ab e 

for  e e

 e -re o u o  a   a  o b e 
o a e e a e   o e  of e u  a  

ea  e e o e a  a e Figure 136  
demonstrating how the form and the position 
of ere  ru ure  of e ea  a e 

Fig. 135: a) S e  
e o u o ary re a o  
of bo y e  
o e ya  

b)  r ua  
reconstruction of the 
oe a a  u   r  
a era  e  e  era  

e  of e u  R  
the braincase isolated and 

r ua y u  o e  a o  
the midline to show the 
bra  ye o  a  e 

o o or  ree  e 
brain represents about 

 of e o u e of e 
a y a  ou e  



Neuro ra a  e e o e  of e 
oe a a  a  e e o u o  of e 
ar o ery a  ea   u e  a b  

 a a   P  a oreau  
  o  e    Fa a  b  P  a er f  
 erre     Sa   
 e  f  a   erb   

Nature 569  -  20  
o  0 0 4 -0 - -
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ur  e e o e  ur  e e o e  
e bra  be o e  ery a   re e  o 
e bra a e  a   ro re e y a e  

be  e ra ra a  o  e a u e of 
e a  be ee  e bra  a   a y 

ob er e   Latimeria is totally unequalled 

Fig. 136: e bra  ye o  a  e o ra a  
a y b ue  a  ere  e e o e a  

stages of Latimeria  No e e e rea e 
 e re a e e of e bra  a   

displacement towards the rear of the 
bra a e ur  e e o e

a o   er ebra e  e o o or  o e 
of e r  ru ure  o for   e e bryo  
expands considerably to become much bigger 

a  e bra   e a u    u ue  a  
the notochord usually degenerates in the early 

e e o e  of o  er ebra e    ou  
that the notochord causes the formation of 
the intracranial joint during the early stages of 

e e e o e   a o  e a e e  
by e o o or  e y o ra  e e a  

a e of e bra  o o e e e  erefore   
 u e e  a  e u ue e e o e  of e 

notochord has a profound impact on the shaping 
of e ea   oe a a  

e e re u  u a e  for e r  e  e 
e e o e  of e ea  of o e of our o  

iconic cousins, and, together with the study of 
fo  e  o e y re a e  o oe a a   
o r bu e o be er u er a  e e o u o  

of e ea



NE  R S NE S R RE F  
R N E

For years, only three crystalline polymorphs of calcium carbonate, as well as two hydrated crystal phases, were 
known to exist at ambient conditions. While investigating the crystallisation of amorphous calcium carbonate, 
a new hydrated crystalline phase was discovered. It may have important implications in biomineralisation, 
geology, and even the cement industry.
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Calcium carbonate, CaCO3, is one of the most 
abundant minerals on Earth, comprising 

ear y 4  of e Ear  ru    ro u e  
a y by e e e a o  of e e a  

remains of marine organisms accumulated 
o er o  of year   e for  of a  

e o e  or arb e  e a or  ro  
a u  arbo a e era  are o e   e 
oba  arbo  y e a  a e bee  e e y 

e a e  be au e of e r or a e 
for paleoclimate reconstructions, ocean 
a a o  b o era a o  a  o e 
industrial processes utilising the hydration 
of CaCO3  For ore a  a e ury  o y ree 
anhydrous crystalline polymorphs of CaCO3 

a e bee  o u e e   r o bo e ra  
calcite, orthorhombic aragonite and hexagonal 

a er e  a  e  a  o y ra e  ry a e 
a e  e a o a  o o y ro a e  

(CaCO3•1H2  a  o o  a e 
(CaCO3•6H2  y ra e  a or ou  a u  
arbo a e  a o e  a  ay  a a  

role in controlling the formation of CaCO3-
biominerals [1]

e  e a  e ry a a o  a ay  
of  a er o u o  y ra e  ry a e 
calcium carbonate compound, CaCO3•½H2O, 
i.e.  a u  arbo a e e y ra e  

a  fou   a er o e  a  er e  fro  
 ea ure e   e e o  fro  

ACC in solution in the presence of Mg2+ ions 
 a a o ar ra o of  bu    

not incorporated into the lattice of CCHH in 
ea urab e a ou   a o  e ro e  

CCHH slowly transforms into MHC, but is stable 
be  ore   e a or   a ear   
o u o  a  ee e- e ry a   a a e er 

of ~200 nm and a length of few microns 
(Figure 137a    ur  are o o e  of 
well-aligned nanocrystals with a diameter of 
~30 nm (Figure 137b  e fre ue e  of e 

frare  R  a  Ra a  e ra  e  of  
(Figures 137c and 137d  er ub a a y 
fro  o e o  for o er a u  arbo a e 

a e  ye  e ob er e  fre ue y ba  
  re e  or a  bra o a  o e  of 

arbo a e o

Fig. 137: 
Characterisation of 
CCHH by (a) SEM, 
(b) E  (c) IR and (d) 
Raman spectroscopies, 
and (e) synchrotron 

R RP  e e  
in (d) and (e) show, 
re e e y  a 
comparison of Raman 
spectra and HRXRD 
patterns of CCHH with 
those of other calcium 
arbo a e a e



R S  PERFE  E  RE R
A perfect chemical reactor would provide separated, pure products and would overcome the chemical equilibrium 
limitations of reversible reactions. Research involving beamline ID22 shows how such a reactor could be made.

A hydrated crystalline calcium carbonate 
phase: Calcium carbonate hemihydrate,  

 ou a   abra e  a   a ee a b   
 e e  a   er e  a   oo  a  
 Su   P  ber    Po u    
 Po roy   a a  e f   Po  a  

S  e er  P  er er  S  e e   
R  eb er   o b b   
E  o o oyab o  a  P  Fra  a   
Science 363  -400 20  

o  0 2 e e aa 02 0
(a) Max Planck Institute of Colloids and 
Interfaces, Potsdam (Germany) 
(b) Johannes Gutenberg-Universität, Mainz 
(Germany) 
(c) University of Wisconsin-Madison (USA) 
(d) Technion-Israel Institute of Technology, 
Haifa (Israel)
(e) Max Planck Institute of Biochemistry, 
Martinsried (Germany)

(f) European Molecular Biology Laboratory, 
Heidelberg (Germany)
(g) Weizmann Institute of Science, Rehovot 
(Israel)
(h) Max Planck Institute of Microstructure 
Physics, Halle (Germany)
(i) Max Planck Institute for Solid State 
Research, Stuttgart (Germany)
(j) TU Darmstadt (Germany)

[   Po  et al., Science 306  - 4 2004
[2   o b et al., Cryst. Res. Technol. 46  42- 4 20
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For structural analysis, high-resolution X-ray 
o er ra o  R RP  ea ure e  

were carried out at beamline ID22  e o e e  
ra o  a er  Figure 137e   o  a  

a y of e o  a u  arbo a e a e  
Similar conclusions were drawn when analysing 

-ray ab or o  ear-e e ru ure NES  
e ra  a e  a  e  -e e a  a - a  

-e e

e ru ura  e er a o  of  a  
er a  e o  u  a  be au e of 

complications related to the presence of 
ru ura  a er   ry a  ere oo a  

for e- ry a  -ray ra o  a  o  
stable under the electron beam in transmission 
e e ro  ro o y E  erefore  
au o a e  e e ro  ra o  o o ra y 

 a  u e  o o e e  ru ure 
[2], yielding a monoclinic unit cell with space 
group P21 c  e ru ure o u o  ob a e  
u  e re  e o  a roa  ro e  
the atomic positions of calcium and carbonate 
ions, as well as the positions of the additional 
oxygen from water molecules (see Figure 138, 
in which the structures of CCHH and MHC are 
o are  e u a e  R RP  a er  

e  e ea ure  y ro ro  ra o  
a er  e  o er  e re e  a e 

parameters: a  20  b  0 4   
c  24  α  0  β  0 0  γ  0

e ro e of   a ure  o  ear ye  bu  
 ay e y be o e  a  a  er e a e 

phase in some biomineralisation processes or 
 e e    a e  e re e a  e boo  
u  u e  a  a o e  ry a e for  of 

a u  arbo a e

Fig. 138: Comparison of layered motifs in the crystal structures of 
CCHH (a) and (c) and MHC (b) and (d)  ere  y e  of a o  are 
coloured as follows: Ca - blue; carbonate groups - green; oxygen from 

a er - re  a  y ro e  - rey

Hydrogen production is an important large-scale 
chemical process that could underpin any future 
o - arbo  e er y e o o y    erefore 

or a  o e e o  e  ore e e  
a roa e  ey o y ro e  ro u o   e 

a er- a   S  rea o

H2O + CO D H2 + CO2

 o e o a  y ro e  ro u o  ro e e  
e S rea o   e u br u - e  a  

re u re  o rea or  o era  a  ro re e y 
o er e era ure  o a e e  o er o  
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while H2 and CO2 must then be separated 
(Figure 139a   u y a  o e o ra e 
a erfe  e a  rea or a  a  o er o e 
equilibrium limitations and produce pure, 
separated hydrogen using an approach call 
chemical looping [1]

o erfor  e S rea o   e a  oo  
 o e  2   o  o e a  

 a e  o er a o - a e o y e  arr er 
a er a   a  a e  o y e   2O 

and produces H2, as illustrated in Figure 139c  
 a e o  e   o  o  o e a   

a e  o er e  re o  e o y e  a  
simultaneously producing CO2 (Figure 139d  

e er o y a  a a a e of   a  e 
reactants H2  a   are o  e  o e er   

ra e  a a a e  o  rea e  be au e 
o e o a   u  a  e a - e a  o e 
y e  fu o  by o a  a  re e  

o y e  a  o e e  o y e  e a  o e a  
(Figure 139b  Figures 139c and 139d show 

a  a o e o a  e a - e a  o e  
a o  o er  2O fully to H2 or CO to CO2  

e ea re e e  ere o e  u  a  o e 
of ar ab e o - o o e ry ab e o o a e 
a  re e e o y e  o er a ra e of o o  

e o e u e  a  a0 Sr0 4FeO3-δ  a ero e 
o e  e au e   o - o o e r  ee 
Figure 139f   a  e   a y ere  
states of δ and thus better accommodate both 

a f y e

If this reactor operates as designed, it should, 
o  y  e e o  a  o e  o -δ end to the 
reactor (the H2 -fee  e  a  a re u e  -δ 
e  o e rea or e  fee  e  ere ou  
be a range of δ a ue   e be  be ee  e e 
e re e  ea e ID22 was used to probe 
experimentally δ  a or  rea or or  
at 817°C for the chemistry to function and 
be au e e e u br u  o a  of e S 
rea o   u y a   e era ure  e  
non-stoichiometric oxides lose oxygen they 
expand slightly, therefore, an indication of the 
o a  a ue for δ can be obtained from the lattice 
ara e er e e e e u  -ray ra o  
R  e a a a e of u  a y ro ro   

rapidity: data can be collected much faster than 

Fig. 139: 
er o y a  

re er b y  a 
S rea or  o our 

coding: red to blue for 
o  o re u  
a) o e o a  S 
reactor producing a 
mixture of reactants 
a  ro u  
b) Equilibrium 
relationship for a 
metal-metal oxide 
showing solid-phase 
o y e  o e  er u  
oxygen chemical 
potential of the gas 

a e  c) e u e of 
metal-metal oxide 
OCM for H2 production 
in a chemical looping 
cycle where water is 
fe  o er e e a  e 
phase transition is not 
u e y re u  o 

produce a high mole 
fraction of H2  
d) Reduction of the 
metal oxide cannot 
produce a high mole 
fraction of CO2  
e) Mode of operation of 

e e ory rea or  
f) Equilibrium 
relationship for a non-
stoichiometric oxide 
showing solid-phase 
o y e  o e  er u  
gas phase oxygen 

e a  o e a  
g) A H2O feed is 
o er e  a o  

entirely to H2 as H2 exits 
o er e re u e  e  of 
the bed before switching 

e re o  of o  
(h) a  o er   
almost entirely to CO2 
as the CO2 e  o er e 
o e  e  of e be



er o  e a  e u br u  
limitations using a thermodynamically 
re er b e e a  rea or   S  e a fe a  

 Ray a   e o e b   u a   
 e eeu e a   ue o a   

F  R  ar a- ar a  -  a  a   

E   Pa a oa ou a  R  o o  a  
a   S  E a   Nat. Chem. 11, 638-643 
20  o  0 0 4 -0 -02 -2

(a) School of Engineering, Newcastle 
University (UK)
(b) ESRF

(c) School of Engineering, University of 
Edinburgh (UK)
(d) Department of Chemistry, Durham 
University (UK)

[   ur e  et al., Energy Environ. Sci  5  42 - 4  20 2

 S R R  NS ES N NE E 
N E   NE S
This work shows that local structural distortions in the original magnetic mineral magnetite emerge below the 
magnetic ordering transition at TC  85             

                 
long-range-order electronic ordering occurs at TV  1 5 
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e e o a  a  o er  e rea or e 
time between switching from one feed to the 
o er  ery oo  a u ar re o u o  er e  
small changes in lattice parameters to be 
measured, and high-energy X-rays were able to 

a  rou  a fu y fu o  o e  rea or  
Figure 140 shows an example of the results, 
demonstrating that oxidising and reducing ends 
o e be  a e bee  e e o e

 u ary  e rea or e  u  er 
o er o  a  re e  by e u br u   
00 e  ore e e e a  a o e o a  

approach (using a suitable measure of reactor 
erfor a e  a  ro u e  ure 2 at one end 

and pure CO2 at the other, eliminating the need 
for o e  ro u  e ara o

Fig. 140: a) Operando XRD scans 
from the H2O-feed end of the reactor 
be  a er e  fee  a  e 2O 
feed showing the lower 2θ ea  
positions and thus larger cubic lattice 

ara e er a er  fee  o are  
to H2  fee  b) Local oxygen content 
of the non-stoichiometric solid 
(La0 Sr0 4FeO3-δ  -δ  re a e o e 
local oxygen content of the reactor 
bed in the absence of chemical 
reaction, 3-δ  er u  rea or o o  

e a e y a er o a o  a  
re u o

e a ure of e er ey ra o   e e  
magnetite (Fe3O4  a  bee  a  ou a  

rob e  e  a  re or e    [1]  
e o e  u er ru ure for e  be o  T  

was originally attributed to Fe2+ Fe3+ charge 
ordering but a full determination in 2012 

re ea e  a ore o e  e e ro  or er of 
three-atom trimeron groups [2]  r ero  
result from coupled Fe2+ Fe3+ charge ordering, 
Fe2+ orb a  or er  a  ea  Fe Fe bo  
e e  r e  by ferro a e   ree-
Fe atom units, as shown in Figure 141



Co-emergence of magnetic order and 
ru ura  u ua o   a e e   
 Per er  a  E  Pa ou  a   
 u by a    u e  b   
 P  r  b  S   ber  a   

 P  e  a  Nat. Commun. 10  2  
20   
o  0 0 4 4 -0 - 0 4 -

(a) Centre for Science at Extreme 
Conditions and School of Chemistry, 

Edinburgh (UK) 
(b) ESRF (France) 
(c) ICB-Laboratoire Interdisciplinaire Carnot 
de Bourgogne, Dijon (France)

[  E   er ey  Nature 144  2 - 2  
[2   S  Se  et al., Nature 481  -  20 2
[   o a  et al., Phys. Rev. X 4  0 040 20 4
[4   P  Po o ar et al., 2017 IEEE 7th International Conference Nanomaterials: Application & Properties (NAP)  e a  02 FP 0  20
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 ar e y of ea ure e  u  a  u e 
X-ray scattering [3] a e o  a  or -
ra e ru ura  orre a o  er  abo e 

e er ey ra o  e re e  u y 
a  fo o e  e er a  e o u o  of o a  

structure by analysing the interatomic pair 
r bu o  fu o  P F  er e  fro  o a  

-ray a er  a a  fro  be o  e er ey 
ra o  o abo e e ur e a e  or er  
e era ure of a e e  ra o  a a 

were collected from a polycrystalline sample 
of highly pure magnetite, with preliminary 
experiments performed on beamline ID15B and 
full data collected at ID11  

e o o  u er ru ure of a e e 
below T   ery o e  o e a o  

a e e  a e bee  o u a e  by a e 
er ey  ara e er f  to describe the 

o a  ru ure   o e P F  f  ua e  
a  a era e  o a  ru ura  or o  ue 
o e e ro  u ua o  u  a  f  = 0 

corresponds to the cubic spinel structure without 
a y o a  u ua o  a  f  = 1 describes the 
full magnitude of distortions in the monoclinic 
u er ru ure   bo  ar   o e P F a  

each temperature was performed in three regions 
corresponding approximately to distances from 
a o  o e r e bour   e F r   
Cell (distances r    e Se o   
Cell (r  0-   a  e r   e  
(r  0-24 0 Å  ra e  e e orre o  o 
short-, medium-, and long-range orders of the 

ru ura  u ua o   a e e  

e e era ure e o u o  of e er ey 
 ara e er are o   Figure 142  e 

ar a o  of f  e  e  o e Se o  a  
r   e  e ara o  are a  e e e  for e 

r -or er er ey ra o   a fa  o ar  
f  = 0 on warming through T  o e er  or -
range structural correlations between atoms 

 e F r   e  ra e o  a r y 
ere  be a our  f  falls a little on warming 

ou  e er ey ra o  bu  er  o 
er e era ure  a  e rea e  o ero 

close to the Curie transition at TC  0   
a ar ar a o  o e bu  a e a o  
reported for a similar sample [4]  

 o ery e o ra e  a  e ru ura  
u ua o  re o b e for e er ey 

transition in magnetite emerge directly with 
long-range magnetic order below the Curie 
ra o  e ea  bo  era o  

that shorten Fe–Fe distances in the trimerons 
require ferromagnetic alignment of the three 
core S  2  Figure 141  e e e 
ra  e er e e of ru ura  u ua o   
proportion to magnetisation on cooling below TC 
shows that the Fe–Fe bonding interactions are the 

r ary r er of e o a  or o  e ra o 
of energy scales for formation (TC  a  o -
range order (T  of e e e ro  or o  
TC T    a e  a  a  e e e ro  
or er  a e e  ro y fru ra e

Fig. 141: A trimeron unit spanning  
Fe3+–Fe2+–Fe3+ sites with parallel S = 2 

 ar e bro ree  arro  
Charge and orbital order localises the 
additional, antiparallel spin, electron 
in one of the t2g orbitals at the central 
Fe2+ e  bu  ea  Fe Fe bo  
interactions spread this onto the two 

e bour  ree  e o   
distorts local structure as indicated by 

e ur e arro

Fig. 142: er a  ar a o  of e er ey  f  e  o 
ere  era o  a e ra e   ub a a  o a  
or o   e F r   e  ra e er  u  o TC and 

scales with reported magnetisation data [4]



SP  RES N  N N N 
P S E E E R ES

Non-uniform activity in lithium-ion battery electrodes is one of the primary mechanisms that limit electrode 
            

tomography (XRD-CT) was used to map the distribution of performance across a next-generation electrode, 
providing new insight to guide battery design.
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Lithium-ion batteries are a critical technology 
 our o e y  ro  a  e er y our e for 

applications spanning portable electronics, 
a e e  a  e e r  e e  ere e e a  

for rea e  e er y e y  re e ou  
S o  S   a ro  a er a e e a e 
electrode material for high energy density cells 
[1]  bu  u er  e ere e ra a o  e  u e  
o   o  o o e e e ro e  of ra e 

e   S  a e bee  o  o rea e e er y 
e y e a o a e  o  y e e  [2]  

S  a  ra e a e ere  e e ro e a  
ro er e  a  re o  ere y o a  a e  
o e a  a  urre   a  ea  o ba a e  

in the state of charge within the electrode where, 
for example, one material lithiates faster than, 
a  e a e  fro  e e e ro e a  o e a  
of  e o er  ar e ba a e ur  o era o  
a  ea  o refere a  e ra a o  of o e a e  

e  e e  o  o era  e ba a e of 
electrochemical potential between the materials 
a  o ue o e u bra e for o e e

o u er a  e y a  era o  be ee  
the two materials during operation, and reconcile 

the heterogeneous charge distribution spatially 
throughout the electrode, a fast operando 

e o  a   e e o e ry a o ra  
a e   e e e ro e a er a   ee e  
  or  -e er y R -   o er   

high-speed XRD were used at beamline ID15A 
to map the spatial heterogeneities in state of 
charge within the electrode of a custom cell 
design (Figure 143a  a  ea ure e e e  of 
charge balancing that occurred when operation 
of e e  a  o e  e e  a  a e  
u er R -  in situ, capturing the spatial 

e ero e e e  before a  a er e a o  
of the electrode (Figure 144  e operando 

- ee  00  R  re or e  e ar e-
ba a  e  be ee  e S  a  ra e 
phases following the transition from operation 
to open circuit (Figures 143b-c  

During delithiation, substantial charge 
balancing occurred when the cell transitioned 
fro  o era o  o o e  r u  e e  o  
the state of charge, the graphite phase would 
either lithiate or further delithiate during 
the open circuit relaxation period, indicating 

Fig. 143: a) Cross-
sectioned illustration 
of the microcell 
showing an example 
of a ra o  ro e 
on the detector and an 

-ray  e of e 
er a  e  

b-c) Examples of times 
when operation of 
the cell was stopped, 
and charge-balancing 
a y o ue  

e ree  bar  
highlight periods when 
o era o  a  o e



S a a y Re o  a o   S o
ra e o o e E e ro e  a  S u 

-E er y -ray ra o  o u e  
o o ra y   P  F e a  a  
 a a ero  b   ao a   a  e  
  ee a  e  S  R  ae    

S   a ue     ea e f   
  e  b   S  a    re  e   

P  R  S ear  e  a   a  a   
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a  o e a  ere e be ee  e S  a  
ra e a e a   fro  o e o 
e a e e e  o  e o era  o o  

a  a e of ar e  e e e e of u  
charge balancing highlights the importance 
of allowing relaxation periods for composite 
e e ro e  o a o  o er ar e of o e a e 
a  o e a y a e era  e ra a o   

R -  o e ore e a a  ry a o ra  
e ero e e e  before a  a er ar e  e 

ere  a e  of a e  ra e  a e  
S  a  ry a e ure  S  ou  be e e  
a  e a e   o a o   a  fou  

a  o  S  ar e  u er    a e er 
underwent lithiation, whereas larger particles 
showed a distinct core-shell structure, where 

e e  a  a e  bu  e ore a  o  e 

presence of pure Si cores showed that there was 
a e ere u eru a o  of e e  a a y

 e o ra o  of in-situ ua a o  
of intra- and inter-particle crystallographic 
heterogeneities as well as high-speed operando 

ua a o  of a e a e  o e  a 
plethora of opportunities for furthering 
understanding of phenomena that lead to 
limitations and degradation of Li-ion cell 

erfor a e  oreo er   e o ra e  
R -  a  a u ue oo   e ar e a  

of battery materials characterisation, 
ro  o e e ary or o o a  a  

crystallographic information and new insight to 
guide material synthesis, electrode fabrication 
a  ba ery a a e e  y e  e

Fig. 144: a) R -  e 
a e  a  e be  of e 

charge step showing a phase-
distribution map of LiC12 re  
ry a e S  ree  a  u  

silicides LixS  b ue  or  
o a e o our  e 

colour teal represents a mixture 
of ree  S  a  b ue a e  
S  b) a e  re o  of 
interest showing large particles 
of LixSi phase with crystalline 
S  ore   a  a er xSi 

ar e  4  er er e   e 
ra e a r  e ye o  

arro   a  oo  o 
be e e e of e a a o  
fro  e ry a e S  ore

E P   R P RE N R S
In the brittle portion of Earth’s crust, rocks are continuously deformed and driven to unstable failure. During the 
evolution of rock toward catastrophic failure, microfractures nucleate, grow and interact. Laboratory experiments 
using time-lapse X-ray microtomography enable the dynamics of these processes to be imaged, quantitatively 
characterised and better understood.

e br e efor a o  a  fa ure of ro  
ro y ue e  by e ero e e e  o ro  
a ura  a ar  u  a  ro  fa  a e  

ear ua e  a  o a  eru o  a  
plays an important role in many geotechnical 
a a o  erefore    r a  o ro e 
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Fig. 146: Stress-strain 
ur e of a ry a e ro  

a e a  a  o u e 
correlation calculations 
of the locations of large 
changes in compaction 

(a), dilation (b)  e -
lateral shear strain (c) 
and right-lateral shear 

strain (d) when the 
ere a  a  rea e  

fro  4  o 2  Pa  
o  ro  a  fro  204 o 

20  Pa bo o  ro

 e or  re or e  ere  e a a  re  a  
on a cylindrical specimen was increased in small 

e   a o a  o  re ure a  
o o ra  ere a u re  a er ea  e  e 

study demonstrated how the coupling between 
microfracture growth, opening, coalescence and 

o  a  e  a  o e a  a - o e 
shear displacement along microfractures, leads 
to macroscopic brittle failure (Figure 145  

e a a a a y  o e  a  a  e o e  of 
failure, damage was almost entirely connected 
in three-dimensions, with most of the fracture 

oro y o a e   a e fra ure e or  
a  a e  e e re o u e a  e o e  o 

a geometrically complex three-dimensional fault 
o e  

Analysis of in-situ dynamic X-ray tomographic 
a a a e  a  bea e ID19 re ea e  e 

spatial organisation of microfractures and 
damage increments characterising the path 
o a a ro  fa ure  Fa ure o urre  by 

e ro re e e e o e  of a a e  e 
ro  o u e  e e o u o  of rofra ure  
was accompanied by the emergence of 
scaling relationships between microstructural 

ara e er  u  o a  a a e o u e  
re e a  a a e o u e  e ar e  

connected microfracture, and the applied 
ere a  re  e ere e be ee  e 

a a  re  a  e o  re ure  [2]

 e ere a  re  rea e  a  fa ure a  
a roa e  e o u e of e ar e  o e e  
microfracture and the incremental damage 

er e  a  o er  of e ere e be ee  e 
ere a  re  a  fa ure a  a a eou  
ere a  re  e e ara er  fea ure  

of br e fa ure  ry a e ro  u er 
compression are consistent with theoretical 

Fig. 145: e  oa e  u er o re o  ro   Ear  ru  efor  rou  
e for a o  of rofra ure  o e e  a  u ber e e  rea e a  

fa ure  a roa e  F a  a a ro  ru ure o ur  by a o b a o  of 
o u e r  e e  o ro e  by ro  a o  a  o  o a o  

rofra ure  a  o e a  a o e  a o  rofra ure

the understanding of brittle deformation prior 
o a ro o  ab y  e ru e e o  

such the combination of cross-sectioning 
and microscopy allow only a single snapshot 
o be ob a e  e o er o o y u e  

e er e a  a roa  er o  of a ou  
emission data, does not directly measure 
strain, does not detect stable micro processes 
a  a  a o a  u e  ar u ar y for 

e ero e eou  a  a o ro  a er a  o 
a ura e y ra  e ro ru ura  a e  

 ro  a e  a  ey are r e  o ar  
fa ure  a o e  e er e a  e ue a  
combines X-ray microtomography, a triaxial 
deformation apparatus, Hades [1], and digital 

o u e orre a o  a a y  a  e e o e   
e ab e  re ear er  o o u e  e e o u o  
of microfracture opening, closing and shearing, 

 u re e e e  a ura y a  re o u o  



o u e r  a  ear ro e e   
ry a e ro  a roa  fau  

F  Re ar  a b   e  a  
N  a u a a   or o er a  
P  ea   a   e  o  e  

PNAS 116  2 4- 2  20  
o  0 0 a 02 4

(a) The Njord Centre, University of Oslo 
(Norway)
(b) ISTerre, University Grenoble Alpes & 

CNRS, Grenoble (France)
(c) ESRF
(d) Temple University, Philadelphia (USA)
(e) University of Southern California, Los 
Angeles (USA)

[  F  Re ar  et al., J. Synchrotron Rad. 23  0 - 0 4 20
[2  N  a u a et al  J. Geophys. Res. Solid Earth 124 20

NR E N  E E N  E N S  F EFE E 
E E R S S  OPERANDO R  S ES

The ageing of hollow, bimetallic nanoparticles, a class of highly active and highly defective electrocatalysts for 
the oxygen reduction reaction, was investigated by a combination of microscopic methods and wide- and small-
angle X-ray scattering (WAXS/SAXS), providing operando insights into the degradation mechanisms at stake.
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o e  a  o er fa ure o be e a 
continuous phase transition, with stress at failure 
a  a  a r a  o  o  e r bu o  
of rofra ure o u e re e  e b e  

o er- a  a  ar o e u e ber -
R er a  for ear ua e  o e ue y   
is concluded that the strain dissipation in the 

o u e arou  a  fau  ay ar a e 
a e y  e re ara o  ro e  ea  o 
ear ua e

Figure 146 shows where the incremental changes 
 o a o  a o  e - a era  ear ra  

and right-lateral shear are largest (interpreted 
a  o a o  of rofra ure o  o e

ro  e - a era  ear a e e  a  r -
a era  ear a e e  for o ere  

ere a  re  re e  e re u  a e 
a  e e four o e  of rofra ure e o u o  

are ro y orre a e   bo  a e a  e  
e e orre a o   are ye  o be a a y e  

ua a e y  are a r bu e  o ou  be ee  
e e ro e e  by e a y a  o er  

fa ure r eo o y  e rofra ure  ea e  e 
ro  a  a a e  o e  are ore u e b e o 
a o a  a a e

One of the greatest challenges faced by proton-
e a e e bra e fue  e  PE F  e  
in their electrocatalysts: the oxygen reduction 
reaction, which occurs at the PEMFC cathode, 
is a sluggish reaction occurring in harsh 
e ro e a  o o  u  o   
a   e era ure  o  e ere  
elements, platinum has always been the most 

ro  a  o  ear- ea  b  
properties toward oxygen intermediates and 

 ob e a ure  o e er   r e a  ar y 
induce the need to design more complex 

a o ru ure  o rea e e a y er 
a u  a o  Su  a fea   a e ab e by 

either modifying the nanostructures through 
a oy   rare-ear  e e e - ra o  
metals or preferential crystallite orientation, 
which leads to the synthesis of shaped, 
bimetallic, nanoparticles (octahedral [1], for 
e a e  or by rea  e a o ru ure 

ru ura  efe e e  o o e e 
coordination number and interatomic distance 
of e  a e e   e b  a rea y 
e a e  ur -o er fre ue y   o b a o  
of these two approaches can be found in 
hollow PtNi nanoparticles, which exhibit a  

Fig. 147: Scanning 
transmission 
electron microscopy 
and energy 

er e -ray 
a  S E

E  of e o o  
PtNi nanoparticles 
before (a) a  a er 
mild (b) and hard 
(c-d) a e

- o e fo  rea e  e  a y for e 
oxygen reduction reaction [2]  o e o a  
solid Pt nanoparticles, due to the presence of 

e   o ra  e a e ara e er 
a  u  o e  e P  e e ro  ru ure 
a  rea y  a  a o o e r y efe e 

ru ure  



Disentangling the Degradation Pathways of 
y efe e P N  Na o ru ure   

 era o e a  S a  e -Ray 
S a er  S u y   e  a b   

  o e  b   r e   P  or e  e  
R  a o  a   ar e  f   
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Studying their morphological and compositional 
a e   o o   e ro o -

e a e e bra e fue  e  e ro e  
ro e  for a o  o  e r o era  ab y  

Figure 147 and Figure 148 show hollow 
a o ar e e o u o  fo o e  by a  

transmission electron microscopy and energy 
er e -ray a  S E E  a  

by S a  S S erfor e  a  bea e 
ID31  ur  o ere  a e  ro e ure  

000 y e  be ee  0 - 0   R E a  0 -
   R E  ere e e  a   a  ar  

 are re re e a e of e o e a  ra e 
at which the cathode is exposed during a PEMFC 
o era o  

Se era  r a   ere ro e  by 
this combination of ex-situ S E E  a  
operando S S S  ea ure e  e 
S E E  ee Figure 147  o e  a e rea e 
of e e  o e  ur  o era o  e e a y 
under harsher conditions such as cycling up to 

   RHE, and also showed that nanoparticle 
polycrystallinity is maintained during the mild 
a e   a  a  a oo  a or of e 
structural defect stability while cycling up to 

0   R E   o ra  e ar  a e  e  
to the formation of a bimodal electrocatalyst 
– hollow, polycrystalline nanoparticles and 
plain, monocrystalline nanoparticles, as shown 
in Figures 147c and 147d  e operando 
S S S ee Figure 148  a e  a  
the relaxation of the lattice parameter is more 

important during the harsh ageing, while 
reaching a plateau at arou   of o e  
for e  a e   a o o  a  e 
microstrain (i.e.  e ar a o  of e o a  

ra   e a era e ra  fo o  e a  
re  e e e y of e a e  ar e  

r y   e o ra e  a  e ar a o  of e 
e e ro a a y  e  urfa e a  u  of e 
nanoparticle morphology, mainly occurs in the 

r  a e  y e  For e a e  a er 0  
e e e ro a a y  e  urfa e ab e  

hinting toward a morphology stabilisation as 
e  

e e   u y ro e   o e 
ro e e  re o b e for e a y o e  

ob er e  ur  o o  P N  a o ar e 
operation as an oxygen reduction reaction 
a a y   a o u e  a u e fu  

methodology for monitoring the structural 
changes in operando o o  of ar ou  
y e  of a a e  e e ro a a y  for PE F  
a o e  S ra  re   o e 
a o ru ure o a o  a  e a o  e e  

ro ra  a oy  e e e  e S S 
u e  e or o o a  a e  a  e 
nanoparticle scale, along with the intermediate 

ru ure  for e  ur  e a e  ro e  
o e er  e e e o  are o e e ary 

a  ro e a oba  ure of e ru ura  
and chemical changes undergone by bimetallic 

a o ar e  ur  a e

Fig. 148: E o u o  of 
(a) lattice parameter 
contraction, (b) the 
microstrain (measured 
by S  a  (c) 

e e  urfa e 
determined from 
SAXS measurements 
and compared to 

e e  urfa e 
measured by COads 

r



S E S R R  N ES N 
E R  PtNi N N P R E S S F R 

R EN F E  E  ES
Octahedral PtNi nanoparticles are promising catalysts for the oxygen reduction reaction in fuel cell applications. 
The structural changes associated with Ni leaching during operation have been investigated by in-situ wide-angle 
X-ray scattering (WAXS). Atomic Ni losses, correlating to expansion of the crystal lattice parameters, largely 
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Fue  e  e e r  e e  F E  are a ro  
a  ea  a er a e o o bu o  e e 

e e  ba e  o  fo  fue   F E  e 
energy stored in the chemical bonds of hydrogen 

 o er e  o e e r y  ro o -e a e 
e bra e fue  e  PE F    ro e  

o y e  fro  a r  re u e  o a er a e 
o y e  re u o  rea o  RR   rea o  

 ar u ar y a e  a  e  r e o 
a  o e  e e   a e-of- e-ar  P  

a a y  Surfa e- o e  P N  a oy a o ar e  
 o a e ra  or o o y a e bee  o  o 

possess among the highest Pt-mass-normalised 
RR a e     ro a   e e ro e 
F-R E  ree  u e  [1]  o e er  e 

translation of performance enhancement in 
re e  o o er a  P  a a y  fro  F-R E 
o e bra e e e ro e a e b y E -ba e  

fuel cells is challenging [2]  Fur er ore  e 
structural stability of these catalysts in MEA and 

e fu a e a  u er a  of e a y 
enhancement are not completely clear, mainly 
due to limited in-situ characterisation at the 
a o  a  o e u ar e e  

 or  o b e  in-situ wide-angle X-ray 
a er  S  a  ex-situ -ray uore e e 
RF  e ro o y o o  e orre a o  

be ee  ru ura  ra for a o  o  N  
ea  a  e e o u o  of e RR a y 

during accelerated stability tests of octahedral 
o- o e  P N  a o ar e  e re u  

suggest that the Mo-doping treatment has a 
o e e e  o  e e e e a  o o o  of 

the Ni-rich domains and call for a strategy on 
o  o ro e e N  re e o  o e e  e 
ab y of  a  of a a y

S a  erfor e  o  bea e ID31 using 
an in-situ electrochemical transmission set-up, 
o a  ru ura  a e  ou  be e a e  

u er rea o  o o  a  ur  o era o  
o ab y ro o o  ere a e   e S 

experiments to carbon-supported octahedral 
P N o  a  P N  a o ar e   a 0   4 
electrolyte (Figure 149a  e - ab y 
protocol was designed to simulate lifetime 
operation (i.e., no exposure to high anodic 

o e a   o ra  e - ab y ro o o  
considers higher anodic potentials, which 
a  be rea e  ur  ar -u u - o  

R e e  a a y  a  erfor e  o  e S 
patterns (Figures 149b and 149c  o e er e 
structural changes (Figures 150a and 150b  

e a a o e e  ur  e - ab y e  
a  be e   o fa e- e re  ub  a oy 

Fig. 149: a) Schematic 
illustration of the 
stability test protocols 
used for in-situ S 
e er e  e 
potential range and 
number of cycles are 

a e   
b) In-situ S 
patterns as integrated 
a er o e e  by 
the 2D detector of 
P N o  re  a  
ba rou  o o  
b a  c) a rou  

subtracted patterns 
obtained with in-situ 

S for e a a e  
a e b a  a  a er 

- ab y re  a e  
and H-stability (red 
o  ro o o

Fig. 150: Lattice 
parameter a 
calculated with 
R e e  re e e  
for ry  e  a a e  
L-stability, and 
H-stability for 
(a) P N  a  
(b) P N o  
c) N  a  
composition from 
XRF measurements 
of samples in the dry 

a e b a  a a e  
re  a er - ab y 
b ue  a  - ab y 



Controlling Near-Surface Ni Composition 
 a e ra  P N o  Na o ar e  by 
o o  for a y e y e  

Re u o  Rea o  a a y  F  o  a  
  eber a   Pr b  a   o y a b  
 ar e  o a re   S r  a   
 S e  a  E  or ber er a   

S   a   r e    e e  b   
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20   
o  0 02 a a o e b02  
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[    ua  et al., Science 348  2 0 20
[2   Pa  et al., Curr. Opin. Electrochem. 18   20

R N F E N S S RF E S R RE N 
RE R FERR E E R S

Surface layers in relaxor ferroelectrics have distinct physical properties from the bulk material, which has caused 
               

                     
vacancies
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a e  a  o a  a e   e a e 
parameter a are ob er e  o e er  a e P -
r  a e  ob er e  a er e - ab y e  
for bo  a a y  e e re u  are  a ree e  
with a structural transformation in which Ni 
a o  ea e e N -r  a e  o er fy  
hypothesis, the Ni atomic content was measured 
a er S e er e  by RF Figure 150c  

er e - ab y ro o o  e er o e or 
only a minor decrease in the fraction of Ni 
o e  a  ob er e   u e  a  

Ni leaching is slow in these catalysts if the 
u er o e a   o ro e  be o  0 2  RHE   

 o ra  a er - ab y  N  o e  
e rea e  for bo  o r  e y o e  

fro  e S a a y  Fur er ore  er 
Ni retention of the Mo-doped catalyst has been 
a o a e     RR a y  

 u y ro e  a o  a  ru ura  
insights into degradation mechanisms of 
octahedral Pt alloy nanoparticle catalysts 
for e RR  e e  e o a  o era o  
conditions and highlights the importance of 

re er  e  N  o e   e P N  
ry a e o a

e u e b y of re a or ferroe e r  o 
or  u er a  a e  e e r  e  or re  a  

made them ideal for high-performance electro-
mechanical transducers, and their high dielectric 
o a  o er a broa  e era ure ra e ea  
ey  a a o   e e r a  a a or  

e u er a  e bu  a er a  
structure is central to ferroelectrics research, 
understanding surface structure and its impact 
o  ro er e  a  be o e era e  e 

a ur a o  of e e r a  o o e  

e re e e of a ou er ea  o  e o er-
a e e of ra o  a er  ob a e  
fro  abora ory -ray ra o  a  au e  
ambiguity in the structural characterisation of 
ea -ba e  a  ea -free ferroe e r  era  

e e ou er   o  orre o  o a y 
secondary phases and disappeared when the 
era  a  ru e  o o er  No r or 

explanation for the structural origin has been 
ro e  ou  o e eor e  u e e  e 
ou er a  fro  o  e e  ra o  

e e r  e  re e   e re a or  re u  
from the presence of multiple cations with 

ere  a e e  ar  a ub- a e o o  
or e ere e  o o o  be ee  e 
urfa e a  bu  a er a  

 R  a  bea e ID15A, the structure of 
e urfa e ayer a  e y ara er e  

fro  e bu   Na 2Bi 2 3- a 3  
N -  re a or ferroe e r  era   0 -

 bea  a  a e  fro  e urfa e of e 
ferroe e r  o e bu   -  e  e 
schematic of the experimental set-up is shown 
in Figure 151a  e ou er  ere fou  o 
be most intense at the surface, with the ratio of 

e ra e  e e   u y a  
stabilising at a depth of approximately 20 µm 
(Figure 151b   a e  e ou er  are 

e re u  of a ere  ru ure a  e urfa e  

u ar er e ra o  ro e  ob a e  
rou  ra a  e ra o  of e ra o  

images, showed this surface structure is textured, 
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Fig. 151: a) A schematic of 
the set-up used for scanning 

ra o  a er  fro  
the surface to the centre 
of the ceramic using a 

0-  bea  e  e 
angles in the schematic‘s 
2  y ro ro  ra o  
patterns represent the angles 
between surface normal and 

- e or  e e  ro e 
for  ea  fro  e 
surface to the sample centre 
is shown in (b)  e o -
angle shoulder at the surface 

 a e   a b a  
arro  orre o  ra o  
of integrated intensities of 

ou er  o are  ea  are 
also shown, with shoulders 

a y re u   
e y o  o  o ar  

e e re of e era

Fig. 152: a) XRD 
collected with 

a er  e or  
q, perpendicular 
to the sample 
urfa e  F e  
ur e  o  e 

parent cubic phase 
and tetragonal 
or rhombohedral 

ea   
the low-angle 

ou er  
b)  e  
schematic 
comparing the 
stress states in 

e  urfa e 
a  bu  e 
right schematic 
shows that grains 

 ere  
orientations are 

re e   e  
and expand along 

e urfa e or a

o y e  a a y o e ra o  rea e  e 
e  of e urfa e a e  e o  e y 

cause of lattice expansion in ceramic oxides can 
be attributed to the increase in ionic radius of 
the reducible cation, e.g.  4+ o 3+

, for charge 
o e a o  of o y e  a a e  

e re u  of  u y e  or a   
not only into answering the long-standing 
question of the origin of surface structures 
in relaxor ferroelectrics, but also towards 

e a  o o ro  e r for a o   
o e  o e a  e a o  for fu o a  

e urfa e ru ure   a e au e  o 
much confusion in the structural characterisation 
of re a or ferroe e r   e a

or preferentially elongated out-of-plane at 
e urfa e  e e ure  a ure u e  e 

re e e of ere  re  o o  a  e 
urfa e a  o are  o e bu  a er a    

o  a  e urfa e e  u er a b a a  
re  o o  a e re   o o ra  

re e  or a  o e urfa e   e o er a  
e bu  of e a e  e e e  o be r a a y 

o ra e  u er a e ra  o o    
illustrated in Figure 152b   e urfa e  a y 

ra  ro u e   e a e a  be re e e  
by a a e e a o  or o ra o  a o  
the direction of the surface normal (but not 

 e a e of e urfa e   o y ry a e 
ferroelectrics, since the surface has grains with 

ere  or e a o  er e   a u ue 
or o  a  e ure e  for a  e ea   

e ra o  a er  re u   e e  
a e a eara e of e ra o  a er  

Figure 152a  

e re e e of  urfa e ru ure a  
demonstrated to be due to the relaxation of 

re e  o e  by o y e  a a e  y e  
a a e  a e bee  o  o be a our e of 

internal chemical pressure, altering the lattice 
ara e er   o e era  o a  

experimentation by changing the stoichiometry 
of N -  fou  a  e e y of e 
shoulder, and thus the existence of the surface 

ru ure  a  be o ro e   e ra 2 o  of 
b u  re u   fe er o y e  a a e  
eliminated the distorted surface phase, while a 

e rea e  2 o  of b u  rea  e 

efe - r e  S ru ura  or o  a  e 
Surface of Relaxor Ferroelectrics,  
S  o  a  N  u ar a  S  e a b   

 a or a a  a   a e  a   

Adv. Funct. Mater. 29 2  00 44 20  
o  0 002 a f 20 00 44

(a) School of Materials Science and 
Engineering, University of New South 

Wales, Sydney (Australia)
(b) ESRF

   



IN-SITU N R N  F E N E  N  
E NS R ES F S   N  E R 

E N E E EEN E  R S ES
Continuous particle comminution and growth enables the bulk of the milled sample to become exposed to the 
surface and leads to fast atomic and molecular exchanges between milled solids, a process monitored by tandem 
in-situ    P    
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 a o  a  o e u e  e   ear- erfe  
or er  a ry a  a e  u o   e o  

a e  o  o be o or ou y o  re er  
o  ab e a  u rea e   ra o a  
e  of e o  a e  o  be o  ou a e  

 re e  a a e   y e  a e e  by 
e a o e a    rea o  

e b  e era  fea ure  a  ou  u e   
o  u o   o e o  o er o e ur  

 e e fea ure  u e e e y [1], 
strong temperature dependence [2], rapid 
reactions [3] a  ore o e  a  o  for a o  
of er e a e  e y a  of e  o  
were probed at beamlines ID15A and ID31 using 
tandem in-situ monitoring of mechanochemical 

 by P R  a e ue o eere  a   
[3]  a  Ra a  e ro o y [4,5], together 

 o o e- abe e  o   e  o  

o a  a eu er u  abe  fa  y ro e
eu er u   e a e a  ob er e  o a e 

place regardless of whether a chemical reaction 
a  a e  or o  ur   

Na ura  or eu er u - abe e  be o  a  ba  
a  2- yr o e yo  ere u e  o u y  
exchange upon cocrystal formation between 

e e o o ou  o  o ou  bear 
o e e a eab e y ro e  eu er u  a o   
bo e  o e er e e e ro e a e o y e  or 

ro e  a o  e  e e o o  are e  
o e er ey for  a  o ry a  ba yo  

ere o e u e  of ba a  yo o e  a r  
hydrogen bonding into discrete supramolecular 
assemblies (Figure 153a  Re ar e  of  
of the two solids was initially deuterated, the 
a e  r bu o  re u e  a er 0 u e  

 a  a y a  e ro e  
enabling fast redistribution of deuterium atoms, 
u  a  ou  be e e e  for  e a e 
a e   o u o

 a  a o o  a   e a e  o  
dependent on new phase formation, as milling of 
ba and the pharmaceutical paracetamol also led 
o  e a e e e e fa  a  e e o 

compounds do not form a new phase but remain 
a y a  ure  Fur er o  e a e  

 re u re  bo  brea  o e o e u e 
e a e a  a o ob er e  u o   of 
ba and ba labelled with a 13C atom, where a 
heterodimer is formed upon molecular exchange 
between milled crystallites (Figure 154

e e re u  ro e a u ue  o 
one fundamental aspect of mechanochemical 
milling: milled particles, despite being in the 
solid state, exchange atoms and molecules with 
o er e  ar e  oreo er  ea  o e u e 

Fig. 153: a) Formation of the bapyo cocrystal 
be ee  ba a  yo  E a eab e y ro e  
are e  b) a e  in-situ monitoring of 

e a o e a  ba yo for a o  by P R  e  
a  Ra a  e ro o y r  e P R  e ab e  
the detection of changes in crystalline phases, Raman 

e ro o y  a o e e o  e a e   
oe  o  a e a  ue e o  ra o  fro  e 

bu  ry a e a e  a e   er o  fro  
S  u  et al., J. Am. Chem. Soc. 141, 1212-1216 
20 . o yr  20  er a  e a  So e y
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SP  RES N
               

by a voltage-biased atomic force microscopy (AFM) tip can induce the transformation between perovskite SrFeO3-δ 
and brownmillerite SrFeO2.5 at room temperature. This opens the way for the design of new functional materials 
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Re er b e ru ura  ra for a o  be ee  
ero e P  δ a  bro er e  

ABO2  (A = Ca2+, Sr2+; B = Fe4 , Co4  o e  
can be induced by topotactic oxygen exchange 
of re u o  o o  o b  e 
ar e o e- o  o u y a  a a  free-

e er y ere e be ee  e 4  o a o  
states of 3d transition metal ions enables 

e e o o a  ra for a o  P  [1,2]  
o e er  a ou  P  a e bee  o  o be 

a o erfu  oo  o u e e ro er e  of e era  
oxides, the need for either high temperatures 
or e  e e ro e a - e  o ura o  
a o   e a  of a a  o ro  o er e 
position and resolution of the transformation, 
limits its applications in many technologies 
requiring spatial sub-micron control [3]

of the milled particles is exposed to the surface 
a  be o e  a a ab e for era o   o er 
particles within around 30 minutes of milling or 
e  y o uou y o u  ar e  

 u  o er o e  e ere y o  
o - a e u o  Ne  o  fu a e a  

aspect of milling, there is also great potential 
to use mechanochemistry to deuterate solids 
e e y

Fig. 154: a) o e- o e u e e a e ea  o e ero er 
formation between ba and 13 - abe e  ba  b) Raman spectra 

of ure a  a  e r ure o a  e e ero er  
a e   er o  fro  S  u  et al., J. Am. Chem. 

Soc. 141, 2 2- 2  20 . o yr  20  er a  
e a  So e y

Fig. 155: a) Schematic 
diagram of AFM electric 

e - u e  o a  
o o a  ra for a o  

b) Optical image of 
ere  re o  of e 
 a er a   

e b a e  F   e 
scanned areas with the 
e e r  e  a e e r 
colour with respect to 

e o u e P   
ba rou  o e  
with a decrease in electrical 
o u y
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 or  e o ra e  a  e e e r  
e  ro u e  by a o a e-b a e  a o  

for e ro o y F   a  u e u  a 
ra for a o  be ee  e P  SrFe δ and 

BM SrFeO2  at room temperature (Figure 155  
ere y  a er re o  e e e r  e  

the structural transformation results in a 
o - o a e o ro  of e o a  e a  

electrical, optical and magnetic properties 
(Figure 155b  e e re u  o e  e oor for 

e fabr a o  of ab e o -ba e  e e  
rou  e e e r - e  a er  of ere  

ry a o ra  a e  e P  a  fo o e  
through the changes in Fe oxidation state, using 
XAS with micrometre spatial resolution on 
BM25 inside and outside an area scanned with 
a o a e-b a e  F   Figure 156a shows an 
e er y  of e Fe -e e o o er e er e  
in the scanned region, indicating a lower Fe 

a e e  Figure 156b shows the XAS spectra at 
the Fe L2,3-e e  e ea  a  e o  e er y e 
of the L3-e e er a  arro   ara er  
of a lower oxidation state of Fe associated with 
a reduction in the coordination of the transition-

e a  o  fro  o a e ra  o e ra e ra  e 
re- ea   e  -e e e ra  o   

Figure 156c   a  e ry a  e   
a  ro u e  a oub e ea  a  0 e  a  2 

e  a   ro  u re o  a er e e r  
e  a   o e   a  rea  

population of tetrahedrally coordinated Fe, as 
e P  ra for  o  

ere  e ue  of ara er a o  -ray 
ra o  Ra a  F  a  e ro o  

e er e  e o ra e a    o b e 
o a e e a o a  ab e o o a  P - o-

 ra for a o     of SrFe δ, 
by e re  a o  of a  e e r  e -b a e  

F   e  e ar e ere e  e 
e e r a  o u y of e P  a   a  

e  a  e r ere  a e  o ura o  
e o a  o ro  o er e P  re or e    
or  o e  e or ou  o b e  o u y 

magnetic exchange interactions in a controlled 
ay  fabr a e ab e re e e or e  or 

ionic-conducting circuits, with sub-micrometre 
re o u o  E a  e u e of o  u  o 
a e e e ra for a o  a  roo  e era ure 
a o o er  or a  a a a e  o er re ou y 
re or e  e o

Fig. 156: XAS of o a  P  o  ra for a o  e e e  a  (a) Fe K-edge (b) Fe L2,3-edge and (c)  -e e   
e e ra ere a e  o  a  area a e   e 0 -b a e  F   ora e e  a  a r e re o  of e 

 ree  e  e er a  arro   (b) ar  a o  e er y fea ure  e 2 2 ea  ara er  of a o er 
Fe-o a o  a e a  e ra e ra  oor a o    re o



S E P SE N N  
E N E N S S F  PR S N  
N ER  E  N E P S E ER

Silicon/graphite-based composites are promising high-capacity anode materials for Li-ion batteries. 
Simultaneous operando wide- and small-angle X-ray scattering (WAXS/SAXS) helped unravel the contribution of 
each anode active component throughout several battery cell charge/discharge cycles. This information is key 
to understanding and developing new stable and high-capacity materials for future generations of Li-ion battery.
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er e a  ree e a e  fo o  e r  
o er a e  e  by So y  0 [1], lithium-
o  ba ery  e o o y a  e o e  fro  

e o  ro  e er y- ora e e e o e 
o  e y u e  o ay  are fou   a ar e 

ra e of a a o  u  a  or ab e e e  
e e r  e e  a  ar e a o ary e er y-

ora e y e  e o uou  u e  of  
technology stems from the constant search for 
higher-performing, lighter, cheaper and safer 

a er a  o er  e e a e e e ro e  
ra e  urre y e fa oure  a er a  
ue o   a a y re e o  o  o u e 
ar a o  u o  a o  0  [2], low cost 

a  o  o y  o e er  e  e er y e y 
 e  by ra e  a u  e  

a a y 2 -1  o  e a a e  
for  e  a a y are e e a o  
u  a  o   -1  bu  e r u e 
 a ere  by a  o u e r  e a o  

u o  a o  2   for S  a  ea  o ar e 
er a  re  a  re u   a u  fa  of 

e  a a y

Na o ru ure  o ra e-ba e  
composite materials are seen as perfect 
candidates for the next generation of LiB due 
o e r  a a e  a  y  ab y   

 re ar  e a-S -FeS 2    ra e a o e 
a er a   ery ro  ue o  o  o  

 re er b e a a y a  oo  y  
stability [3]  er 00 ar e ar e y e  

e e  a a y re e o  re a  abo e 0 
 Figure 157a  o e er   a   u ear 

how this complex material functions and, 
erefore  o  o fur er ro e  o a e 

this issue, operando synchrotron experiments 
were performed to follow both silicon and 

ra e o er e era  ar e ar e y e  
within fresh and aged full LiB cells (Figure 157  

 e u ue e e or e -u  o  bea e 
BM02  u a eou  S a  S S 
experiments (Figure 157d  e ab e  e rea -

e e a o  of bo  a o  a  a o a e 
morphological changes within the composite 
a o e  e ra e a o e a o  a  
the amorphous silicon alloying processes were 
fo o e  re e e y  by S i.e., LixC6 Bragg 

Fig. 157: a) Fre  a  a e  fu - e  ar e ar e ro e  
e fre  e  a  y e  a  e era  -ra e  0 b ue  
2 re   ree  a  2  b a  e a e  e  a  y e  

a  2  b) ar a o  of e S e e  of e ra  
re e o  of e ra e a o  a e  d, 4, 3, 2b, 2a and 

 ur  o e e  ar e ar e y e  c) SAXS intensity 
ro e ar a o  o er e our e of o e e  ar e  

d) S e a  re re e a o  of e e -u  a  02
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OPERANDO S R  S  RE ES E 
S R R  N S F N In2O3 S   

S  F R CO2 R EN N  E N
          2 to methanol is a key challenge 

for mitigating increasing emissions of CO2. Structure-activity relationships were established for a model 
nanocrystalline In2O3 catalyst for CO2 hydrogenation to methanol, shedding light on the structure of the most 
active catalyst state and its deactivation pathway.
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re e o  a  S S i.e.  a er  ro e 
a e ue o o u e r  ar a o  Fro  e 

simultaneous, yet independent, acquisition and 
a a y  of S a  S S a a  e re e e 
a a e  of bo  a e o o e  ou  

be ua e  Figure 158a  a  a y e  e  
potential, and a detailed mechanism of the 
a-S -FeS 2 ra e o o e a o
delithiation process proposed (Figure 158b

Additionally, both techniques were used to 
e a ua e o  e a e  urre  a  u  

e -ra e  a e  e ar e ar e 
ro e   rea e  -ra e ru  e 

lithiation mechanism and, consequently, the 
sequential lithium extraction of silicon and 

ra e   o ra  a e  of e e  oe  o  
o fy e a o e a o  ro e  of e 

a-S -FeS 2 ra e a o e bu   re o b e 
for a o  of a a ab e u  a  e e a 

e rea e  erfor a e

oreo er   a  fou  a  e o  o u e 
oe  o  rea e ear y u o  a o  

As the cell reaches a third of its capacity, it is 
be e e  a  e o  o u e r  e a o  
is accommodated by the morphology of the 
o o e a er a  e  y  ab y 

of this electrode, as compared to pure silicon, 
ou  u  be a re u  of  o e  o u e 
ar a o  e e re u  br  ey o e e 

on the cyclability of nanostructured silicon-
ba e  o o e a o e  a  a  e  o e e 
the best compromise between the nature and 

r bu o  of a e o o e

Fig. 158: a) ra e a  o  o r bu o  o e 
e  a a y  b) Scheme illustrating the proposed 
e a o  e a  of e a-S -FeS 2 r 

o o e e e ro e   re u  ere ob a e  o er 
e our e of a 2 ar e ar e y e

e re  y ro e a o  of 2 to methanol is 
a y a uab e ye  u er e e o e  rea o  
[1]  Re e  u e  a e o  a  2O3-

ba e  a a y  fea ure ro  a y 
a  e e y for  ro e  [2,3]  o e er  
an industrial deployment of these emerging 
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catalysts requires a detailed understanding of 
e r ru ure a  e a o  a  a o a e e e  

a  or  o o  Su    e e a  
to formulate structure-function relationships 
o a or e a a y  erfor a e rou  

ra o a  e  a  o a o    or  
e - e e  2O3 nanoparticles (In2O3 NP  
ere e a e  u  a o b a o  of 

operando -ray ab or o  e ro o y S  
a  o er -ray ra o  R  e ue  
coupled with the simultaneous analysis of the 
e ue  a  e e operando studies made 

 o b e o orre a e e e o u o  of e 
oxidation state and the catalyst structure during 
CO2 hydrogenation with the rate of methanol 

ro u o  

Monodisperse In2O3 a o ar e  NP   
a  a era e a e er of   ere re are  
fro  u   a e y a e o a e a a 
colloidal approach [4] a  a e  a  400  
Combined operando S  -e e  a  R  
were performed at BM31 (Figure 159  u er 
CO2 hydrogenation conditions (300°C, 20 bar, 
H2:CO2:N2  e ua fy  e a a y  
a y by a o a  a  ro a o ra   

ree  a a y  re e  ere e e  
during CO2 y ro e a o  a a o  ab e 

erfor a e a  ea a o  Figure 160a  
e a a o  a e  a o a e   e 

for a o  of o y e  a a y e  ue o a 
partial reduction of In2O3 (i.e., In2O   e 
rea o  ro ee  a re u e a or a o  of 
In2O3 NP  a e  a e a  re ea e  by o b e  

-ray ab or o  ear-e e ru ure NES  

e e e  -ray ab or o  e ru ure 
E FS  a  R  a a y e  Figure 160  NES 

a  e orre o  u ar a e ur e 
re o u o  a er a  ea  uare  R- S   

Fig. 159: a) A schematic illustration of the combined operando S- R  e er e  b) Selected  -e e NES e ra  
c) ro a o ra  o  e ary  a ou  of e a o  ro u e   e o  rea  S  d) R  ro e  o er a e e e  

range of Bragg angles (λ  0 0    e e  ea  of b - 2O3 a  N abe e    e) e Four er ra for  of 2-weighted 
E FS o  orre e  for a e  of e 2O3 NPs collected during CO2 y ro e a o  e arro  a e e re o  of a e  

 S  2O3 NP  ere e   N for o a  -ray ab or o  a  o e ure a  a ro r a e a - ar e o a  e

Fig. 160: a) e a o  ro u o  ra e  b) MCR-ALS analysis of the In K-edge 
NES a a  c) -  a  -  oor a o  u ber  d) Fraction of crystalline 

bcc-In2O3 a  ry a e e xrd> of the In2O3 NPs during the operando CO2 
y ro e a o  e er e  a  a fu o  of S



E RE  S R N N  P SE S  F 
P  CsPb(I1-xBrx 3 N F

The perovskite materials used for solar cells and light-emitting diodes (black in colour) are generally less stable 
at room temperature than electronically inactive non-perovskite phases (yellow in colour). In-situ grazing-

    W             
used to manipulate the stability of the perovskite phase.

e S ru ura  E o u o  a  y a  of 
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analysis (Figure 160b  a e  a  e 
o  a e a a y  a  a  a era e o a o  

state between +3 and +2 (corresponding to  
0-40  2O3 a  0- 0  2O  No ab y  
e o e  of e ea a o  o e   e 

appearance of molten In0  e a or a o  
of In2O3 NPs is denoted by the decreasing In-O 
and In-In coordination numbers (Figure 160c  
determined by EXAFS, and the decreasing 
intensity of In2O3 ea   a u a eou  

e e o e  of a a o  R  Figures 159d 
and 160d  er 2 0  e a a y  o   
of its maximal performance, which correlates 

 a o o o  of  0 a  2   
In2O  0 ou  for  fro  a a y a y a e 

sites, depleting their density and therefore 
re u  e y e  of e a o  e e  e o er-
reduction of In2O3  e o  rea  S  
leads to an amorphous In0

2O  material of 
fer or a a y  a y  

 operando study made it possible to 
establish a correlation between the extent of 
In2O3 reduction, the structure of the material, 
a  e a y for e 2 hydrogenation to 

e a o  e e  re re e  a  or a  
e  o ar  e e e o e  of y a e 

and stable In2O3-ba e  a a y  by re e  
o er-re u o  a  e a o a e  ea a o  

 S

Pero e  are ro  a a e  for 
o o o a  e  a  rea e  a  e er y 

ar e  e e y of 24  a  a e re e y 
e ere  e o er a  ar e  o e er  
applications of these materials are still limited 
by e r ab y  rea - or  e e  e 
instability arises partly from the polymorphic 

e o e a   re u   ar u ar   u efu  
phases emerging only at conditions that are 

Fig. 161: An illustration of the scattering geometry of 
y ro ro  S ea ure e  erfor e  o  e 

CsPb(I1-xBrx 3   e e  -ray bea  
(λ  0 4  a er  fro  e a e u er a ra  
a e  ro e  r - a e  ra o  a  o o e 

e e or  e fra e  ere o e e  ur  e era ure 
rea e   ra e of 0 -0 4 -1  e e era ure o  e 

sample was controlled with a N2 a  b o er
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ra a  for u e  For e a e  a  a b e  
conditions, cesium lead triiodide (and its Br-
doped analogue, CsPb(I1-xBrx 3  for  a o -

ero e ry a  ru ure a   u u ab e 
for u e  o oe e ro  e e  u  a  o ar 
e  e ero e a e a  ou  er e for 

o o o a  a a o  for  o y a   
e era ure  e a e e  e   o  a 

way to stabilise the CsPb(I1-xBrx 3 ero e 
ru ure a  roo  e era ure   

  a  e  by a ra - e e e-
a e -ray a er  S  e er e  
with a CsPb(I1-xBrx 3   a  bea e BM01 
(Figure 161  e br  y ro ro  ra a o  
the ability to manipulate the X-ray energy (that 

a  e  be o  Pb -e e  e fa  o e-free 
e  area e e or a  e o a y e e o e  

o are for ro e  a  a a y  of ar e 
o u e  of ra o  a a a e  o b e o 

u o er a e  ay o a u a e e ru ura  
ab y of e o o o a    

e e er e  o e  for a o  of a ro  
e ure  e o y ry a e   a  

an anisotropic orientational distribution of  
CsPb(I1-xBrx 3 crystallines (Figure 162  
e era ure- e e e  ea ure e  o e  

a  e ere e  er a  e a o  
oe e  of e  a  e ub ra e 

u e  a  a o ro  ra  a e  e ra  
ab e  e e re  ero e ru ure a  

roo  e era ure  e re o  e erfa e 
e ab e   ba  o e u e e  o - ero e 
ru ure   re u  a  ra o a e   ab-

initio er o y a  o e  o e er  e 
e er e a  a  eore a   o er a e  
oo  o a u a e e ab y of o o o a  

 by arry  ou  ra  e eer  ba e  
o  e ere e  er a  e a o  be ee  

e  a  e ub ra e  y e ure  
  e fur er e e o e  of  

e  oo  ou  ro y be e  fro  in-situ 
y ro ro  ra o  e er e   rea -
or  o o o a  e e

Fig. 162: e  a e a  u ra o  of o  e ure a fe  a  a  a o ro  a   e S a a  e o 
o e  e  e re a e referre  or e a o  e or   a  ou  of e o y ry a e   a e  e re  e or  
ra e a e ure r bu o  e e  by e ea - uare e a o  φ   u  e  e E a  ere ou e  e e or  

e ra o  o o  are fu e  a  e era e a ra  e y   φ  0 ero be  a e ry a  y e  e 
er e o  of e o e   e ere for  ra o  ar   are ro e e  o o e e e or a e  R  a) A 2D 
e y a e of e er a y ue e  ra e  b a  Pb 1-xBrx 3   o er  e o  a e ra o  r  

a  a ear fu o  of e a u a  a e  b) Nor a e  e y ro e  of e 200  0  a  002  ra  e  fou  
in (a)  a  a fu o  of e a u a  a e   oub e au a  ea   a  bee  a e  o e 0  e y  o  
b - o a  ea  ear  4  a    a fu -  a f a a of a ro a e y    r bu o  re y 
re e  e e ure r bu o  ara e er φ
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cells and tested in vitro              
like organisation. Synchrotron sub-micrometre computed tomography (sub-µCT) measurements revealed the 
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a a a  b oo  e e  are y a a e  
ue  a  e e  o  e r e  

fu o  o ur  a ar e y of e  a  
a e  e era y  ey e b  a erar a  

composition with concentric layers of cells 
a  a r  a er a  e o o  or a  
layers are the tunica intima, the layer that is 
in direct contact with the blood, and the media 
surrounding this intima  e intima  o ere  
with a monolayer of endothelial cells that 

re e  a o era o  of b oo  o o e  
a  e ure u erru e  b oo  o  e media 
o a  o a e  bre  a  oo  u e e  

that are oriented in a helical manner, assuring 
e e a a  ro er e  of e e e  f e 

a u a ure  a a e  beyo  a ura  re a r  
e e  ee  o be re a e  e o  a ar  
   o u e e a e  o  ea y 

e e  a  re a e e  o e er    e  
o a a ab y  e era  a ee  for y e  
ra  Re a e e  of b oo  e e   

diametres smaller than six millimetres with 
y e  ra   a e  a  ey are ro e 
o o -o era o  o u o  a  ro bo

o a re   ee  a o e  fabr a o  
e ue o a e o- ayere  a - a e re 
ubu ar o ru  a  e e o e  e ra  

were designed so that they can be seeded with 
e  a er fabr a o  Figure 163  e intima 
a  re are  by o u o  e e ro  SES  

ere  o a e  u e  o e era e a e  of 
a er a  fro  a o y er o u o    ay 

to the collector, the jet undergoes instabilities, 
re u   ra o  bre or e a o   SES  

a  of  o y er  bre  a  be fabr a e  
fro  b o e ra ab e o y er  e e a y 
applicable poly(ε- a ro a o e  a  ubu ar 
o ru  a  be a e e  by u  y r a  
o e or  e a  bre a e re  re u   

a  ore  ro e  o re e  u e re  e  
a o   e e e  re e  a oo  

surface for endothelial cell adherence and assures 
e e e o e  of a  e o e a  o o ayer o  
e e of e ube

e media was manufactured using a 3D-printing 
a roa  a e  e  E e ro r  E  

E  u e  e e ro y ro y a  for e  bu  
in contrast to SES, the polymer is processed as 

e  a  e oe a  ro er e  of 
e e   e  o re e  ab e  ur  
e re  ro e  f e o e e  o y er 

o e  a  ee   a e a er e o o  
E  a  be u e   a re  r  a roa  

 re e o ro  o er bre e o o  
o are  o o e o a  a e -ba e  

- r  e ue  e bre a e re   
E  are u  o er  ea ure  a  2 4   
  u y  e bre  ere o e e  arou  

the SES mats in a helical orientation and the 
a o  ere ee e   ro a  e   

a  ere a e o oo  u e e  e 
E  bre  u e  e u ar or e a o  ar 

o a e b oo  e e  a  e ayer e ab e  a 
faster proliferation and colonisation of the outer 

ar  of e a o  

See  e a o   bo  e  y e  a  
a o e o ra e  e e o- u ure o o  
put a special demand on the barrier between the 
e  y e   ee  o e ab e o u a o  

between the cells and, at the same time, assure 
a a e  bu  re e   of e e  y e  

e ey o o er o  e e a e e  a  
oo  e r  oro y of e SES ayer  o 

get a clearer idea of the SES layer, composed 

Fig. 163: Electron microscopy image of a section of a  
e - ee e  a o  a er a o  e er a e re 

of e ube   



e ero y  S a o  e  r e ra e  
Pr ary e  r a a o  a  P e o y e  

 o u ure  S a  a e er a u ar 
ra   u  a   Pe  b  
 S  a    Ro e ber  b  

 a a b  a   ro  a  
Adv. Funct. Mater. 29 4  0  20  

o  0 002 a f 20 0
(a) Department for Functional Materials 
in Medicine and Dentistry, and Bavarian 

Polymer institute, University of Würzburg 
(Germany)
(b) Department of Oral and Maxillofacial 
Surgery & Special Dental Care, UMC Utrecht 
(Netherlands)

[   ou ef et al., Tissue Eng. Part C: Methods 25  -  20

PER S E P ER  E ER S R RES F R 
EFF EN  E N  ES

Since the demonstration of bright perovskite-based light-emitting diodes (LEDs) [1], much work has gone into 
    18         1   1  

[2]                
complete elimination of non-radiative decay processes.
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of bre   a e re  of 4 0 2  e 
a o  ere a a y e  u  ub- ro e re 

o u e  o o ra y ub-  a  bea e 
ID19   a o e  e of 0    o b a o  

 a a e   a a ro e  [1], the 
ea ure e  e e  re ea  a  e oro y of 
e SES ayer a  arou  0  e re o u o  

of ub-  a a y  o e  a  e SES ayer 
had a denser region on the luminal side and a 
less dense region on the outside, as depicted in 
Figure 164    e e   e e o  e 
b o e  a o  a  ro e   fu o  

ou  ab  e ro a  be ee  e e  
y e

 roof-of- r e u y e o ra e  o  
automated processes can help in designing cell-

u  a o  a  o  a a e  a a y  
of e er a o  ar e ure o  a ub-

ro e re e e  re ea  e a  a  ou  o  
be e e e   o er e o

Fig. 164: Porosity determination 
of a u ar ra

  or  ero e- o y er o y-
E  bu  e ero ru ure  PP   

photoluminescence quantum yields of up 
o  are e o ra e  or a y  a 

re or -brea  e er a  e e ro u e e e 
e e y of ore a  20  a  a e e  

 E  ba e  o  ero e- o y er 
a er a  e e e e ero ru ure  ere 

re are  fro  a o b a o  of ua -2  
ero e  a  a e o a  a  o y er  
o y- E  e ab or o  ro e of e PP  
o a  a  e o  ea  a    
orre o  o ua -2  ero e  a 

for u a of N 2 F m - 1PbmI3m + 1 with m = 2 
(Figure 165a  e ab or o  a  of e PP  
sample extends to ~800 nm, which is attributed 
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o e ua -  a e  e o o u e e e 
P  e ru  of e a e ea  a    

 e   a fu - -a - a f- a u  
F  of   ra - e e e-

a e -ray a er  S  ea ure e  
carried out at beamline BM28 indicate that the 

ero e ry a e  are o ro a y or e e  
 e PP   Figure 165b  -re o u o  

ra o  e e ro  ro o y R- E  
results suggest the presence of quasi-2D and 3D 
crystal structures (Figure 165c

o e a e e e e ro u e e e E  
properties of the PPBH, a solution-processed 

u ayer E  ru ure a  e e o e  
 a e u -a oye   o e PE E

PP F -PF o x u  e ea  e er a  
ua u  e e y E E  of e be  e e  

rea e  20  Figure 166a  re re e  a 
re or  for ero e-ba e  E  e a e-
dependent EL intensities exhibit a Lambertian 

ro e  a o  a ura e e a o  of E E  
e e e e  of e e ero e-ba e  E  

are on par with those of the best OLEDs [3-5] 
a  ua u - o   E  [6]   a o  
a orou  e a o  of e  e o  
process was carried out, using ultrafast transient 

u e e e a  ab or o  e ro o y  
e u rafa  e ro o  re u  re ea  a  

upon excitation, photogenerated excitons at the 
ua -2  ero e o o e  ra y ra e 
o o -e er y e     ra e  

ab or o   e er e  Figure 166b  
o r  a  e a  o oe a o   for e  

o  e ua -2  ero e   a rou -
a e b ea  S  ea  a    e ea  

position is in agreement with the steady-state 
ab or o  a  ra e  P  ea ure e  

e S  fea ure re a e  o e b - ayer ua -
2  ero e a  a  e o - e ara er  
suggesting the electron-hole pair created in 

e a er a   a y bou   e -  
S  u y e ay  a re -  broa  S  

a  r e  ra y a  e  e e  a er 0  
Coupled with the high photoluminescence yield 
and negligible luminescence quenching at the 

erfa e  o -ra a e a ay  ere fou  
o be e e e y e a e  

Fur er ore  o e o a  o a  o e  
indicate that the high electroluminescence 
e e e  a e e  be e  fro  e re u e  
e e e refra e e   ro e  e 
o a  ou  fro  e e e ayer  e 

Fig. 165: a) b orba e b a  a  P  re  e ra of a PP   o  fu e  a  b) S a er  of a 
PP  ayer e o e  o  o  c) R- E  a e of a PP   e  o  e fa  Four er ra for  of e 

ry a e re o  e b  ua -2  a   ru ure

Fig. 166: a) EQE–current density 
characteristics of the best PPBH 

E  ea  E E  20  a  
ea  E E a  e  

b) ra e  ab or o   
e ra of e a e  e 

e a o  ue e for e 
 ea ure e  a   

  -2



-e e y ero e o y er bu  
heterostructure light-emitting diodes, 

 ao a  S  a  b    a  
R  a bo  a  R  S a a a  F  ura  a  

  R er a   a  a   a  a  
 ar  a  -  S e a   a  e  

 a  a  S  u f  P  ao e  
  S a  b   a   

N   ree a  a  R   Fr e  a  a  
  a  Nat. Photonics 12  -  

20  o  0 0 4 -0 -02 -4

(a) Cavendish Laboratory, University of 
Cambridge (UK)
(b) Department of Physics, University of 
Oxford (UK)
(c) Department of Physics, Chemistry 
and Biology (IFM), Linköping University 
(Sweden)
(d) Institute of Materials Research and 
Engineering (IMRE), Agency for Science, 
Technology and Research (A*STAR) 
(Singapore)

(e) Laboratory of Advanced Functional 
Materials, Xiamen Institute of Rare Earth 
Materials, Haixi Institute, Chinese Academy 
of Sciences (China)
(f) Department of Physics and Astronomy, 
University of Sheffield (UK) 
(g) The UAE Centre for Crystallography 
(United Arab Emirates)
(h) Institute of Advanced Materials (IAM), 
Nanjing Tech University (China)

[  -  a  et al., Nat. Nanotechnol  9  - 2 20 4  
[2  N  a  et al., Nat. Photonics 10  - 04 20  
[  S  Re e e et al., Nature 459  2 4-2  200
[4   oya a et al., Nature 492  2 4-2  20 2
[    et al., Science 356  -  20
[   a  et al., Nature 515  -  20 4
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e ESRF u er ro ra e a  bee  au e  
ur  20  for e a a o  of e E re e y 
r a  Sour e E S  o e er  e a e bee  
e e  o ee e era  o er a  e  

using the specialised laboratory facilities 
a a ab e o e  e ar e    a er 

e o ra e o e a a  e a ue a  u y of 
e ESRF  -ray bea  for u r a  re ear  

a  e e o e  fro  e  e e  
generation of fuel cells (page 166  a  -
performance industrial catalysts (page 167  
to engineering new materials (page 168  a  

ro  a e e or  page 171   o  
for e  o a o   e ea are a  
pharmaceutical sectors (page 170  u  

e a  e  rea e  for a a 
(page 169

ea e  e u e  e e o e  e 
 a  bee  a  bu y a  e er  or  a  

continued in our manufacture-and-sale of high-
performance synchrotron instrumentation, 
where ESRF technology is demanded by clients 
arou  e or   o er  a ra e of ro u  
and manufacturing of specialised equipment, 
such as detectors, where a transfer of technology 
o a o er a  ro er ou  o  be u ab e  
ur e or  a o  ESRF e o o y o be are  

 o er  our e  

European grants

e  a  oor a e  e re ara o  of o 
Euro ea  o o  Re ear  a  o a o  
programme headline grants, succeeding in 
ob a  or o  2020 fu  for e ESRF  

e r  o a N o a eu   a 
ar e S o o a- ur e o  S  F N  

programme to support 40 PhD students 
or  o  ro e  r e  by u r a  R  

needs, in collaboration with the ESRF and the 
 e r  e  of 20 R  ro e  a  bee  

e e e   a y e o  bo  e ESRF  
y ro ro  -ray  a  e  eu ro  

bea  e o a N ro ra e bu  o  
e re o e a o  of e ESFR  o a o  
or  rou  Re or  ar  20   

re or   e a e e  o o er o e 
for Euro ea  re ear  fra ru ure  R  a  

u ry o be er or  o e er a  a  for 
the “training of a new generation of engineers in 
industry more aware of science and RIs, as well 
as training of a new generation of researchers, 
more receptive to industry needs  o a N 
is setting out to nurture the next generation of 
researchers – able to exploit large-scale RIs while 
be  o for ab e  e o er a  or

e e o  S RE NE   a or o 2020 
ro ra e  a  bu e  a  a  o 

e ure e ESRF  u a ab y   of e 
e  e  a  e er e a  a ab e  
ro e  by e ESRF-E S u ra e  S RE NE 

 a e ey u a e  o e fa y  e  
ra e y  re e   bu e  a  a  re  

a e  o e  rea  a e  er e a a e 
for e be e  of bo  a a e a a  u ry  

 e e a  ar  of S RE NE  ra  a  
encouraging users to exploit new opportunities, 
including new experiments and higher 
throughput (more samples and users, creating 

ore a a    a e e e e  
o era o a  o e  of e ESRF   ar u ar 
ar e  a e o er rou  of S RE NE  

Euro ea  u ry  e ro e  a  u e 
e e o  e  er e  for  o u y  

though accessible also to academics, aiming to 
a o  a er u r a  re ear er ba e o a e 
a a a e of e o erfu  y ro ro  -ray 
bea  a a ab e a  e ESRF  

e  ea   a o a e  fur er ra  
u  ee  a  ENR  bo  of  

ob a e  fu  ur  20  ee  
ee a eu   a  e  o a o  e  e  for 

Electrochemical Energy Storage Materials that 
a  bee  fu e    a or o 2020  
oor a e  by E - EN  r  o e er 0 

a a e  a  0 u r a  ar er  ee  
 oo  e ue   e e  of ba er e  

 ee  e ESRF  ea  a or  
a a e o  e e e o e  a  a a o  of 
o e  u r a y re e a  e ue  

ENR   a fur er or o 2020 ro o a  
coordinated by the European Spallation Source 
ESS    e   a or  a a e ea er  

e ro o a  u or  e e o e  of a a -
Euro ea  u r a  a o  a  o a  er 

 a   e or  ar e y fo u e  u o  
fa e  o  e ESFR  a ar  roa a   
will act as multipliers to the wider community, 
e ab  a  ere e  ar e  o ar a e  e 

ro e   be   a uary 2020  2  of 
fu  ENR   bu  a  o o a e be  
practices of industrial engagement and pilot 
a e   ra  a  o b e  ou rea  a  
bro era e o ar  Euro ea  u ry

 o o  ro e  o bu  a  a e e-
entry point for characterisation needs in the 

roe e ro  u ry  ar  of e R  
Na oE e  r a oe e fr  o  o  

o  e o  a e of or   e e o  
of e ESRF  a e   our ar er    
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E - E  PS  a  S  roe e ro  

S e er E e r  a  S E  u er e 
ara er a o  Pro ra e a  bee  a ro e  

u  e e ber 2020  ur   er o  a e 
from the normal ongoing project actions, the 

ro ra e ar er   e e a e a e  
or  ro ra e for e 202 -202  a e   
ar u ar   or   e  e a e for a fe  

priority actions focused around the irradiation 
ar e  of e e ro  o o e

Exporting GIANT globally

 e o e o er o e re ar  of ESRF 
user operation, with the new opportunities 
o be a or e  by e E S  e  re a  
ery u  fo u e  o  ou rea  o u ry  

a  e e    a   2   our 
o a o  e o y e  bo  eo ra a y ear 

o re ob e bu  a o fur er a e   e ESRF 
e ber ou r e  re ob e  a e o o y ub 

a  e re ob e o a o  a u  N   
a central engine, with impact locally, nationally 
a  er a o a y  ra  u o   e ESRF  

 our N  ar er  a  bee  ar a  
in outreach towards industry in sectors most 
re e a  o e a e  a ro  e o a o  

a u  Ear er  20  N  a  re e  a  
e E e r  e e Sy o u   yo  Fra e  

a  a  e a ery e o o y S o   o e ry  
 e a  a  o ro o e N  a a e  

 a  fa e  for ba ery re ear  o a  
audience that perhaps is not readily aware of (in 
our a e  e a a o  of y ro ro  -ray  
for ba ery R  S ar y  N  a e e  e 

ra e a y or a  ea are o a o  
o o e a ua  e or  ay  yo  Fra e  

with the ambition to highlight the role of the 
o a o  a u    er a o a  ar e-

a e fa e   b o e  a  e e  re ear

As we continue the build-up towards the restart, 
the BDO team is already well into our 2020 
ou rea  a  So oo  ou  for u  a  e e  
a ro  Euro e  a  N  a  a  e ESRF  e 

 be ore a  ea e  o  your o a y 
to listen to your R&D challenges and to explain 

o  e ESRF  y ro ro  -ray  a  e

E. MITCHELL
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BEAMLINES

Fig. 167: R -  of e fre  
o  o e fue  e  a) e a e 

distribution maps of NiO, YSZ, 
S  a  Sr  a  er e  fro  

e R e e  a a y  of e fre  
S F  R -  a a e  o our 

bar indicates intensity in arbitrary 
u  b) Re  ree  b ue R  

Image showing the distribution 
of S  re  S  ree  a  
N  b ue  c) e   of a  

crystalline phases present in the 
S F  S a e bar orre o  o 

0  

Design of next-generation ceramic fuel 
e  a  rea - e ara er a o   

y ro ro  -ray ra o  o u e  
o o ra y    et al., Nat. Commun  10, 

4  20  
o  0 0 4 4 -0 -0 42 -
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Due to its proprietary nature, much of the commercial research carried out by industry at the ESRF cannot be 
disclosed. However, sometimes companies authorise the ESRF to discuss their work and they may even publish 
results or access the ESRF via the public programme. Below are a few examples from 2019.

RE E R ER S N F 
ER  F E  E S S N  R

Ceramic fuel cells are used in a wide range of 
applications but the technology still has a 
o  ay o o  er  of o u e r  o er 

ou u  o - er  ab y a  o   ea  
fro  er a  o e e o o  a  e e o e  a 

e  o e ua  fue  e  e  o a e urre  
a o  y e e y a ur  e e  

diameter down to the millimetre scale, the design 
 e a e  o ro u e a o u e r  o er 
e y e ee  0  -3 – a performance 
u er or o e be  a ar e

o   er y o e e o o  a  
F e    e ea  erfor e  rea -
time characterisation of the cell on beamline 
ID15A  R -  a  a e  for e r  e 
on a complete cell, demonstrating the excellent 

e a ru ura  e r y e e  e  
possessed during thermal cycling (Figure 167  
Fu ure e a  a   be e  fro  a 
giant leap forward with the increased photon 

u  ro e  by E S

Ceramic fuel cells are considered one of the most promising technologies for sustainable 
             

          
is used to investigate a new design for the next generation of fuel cells.



y a  of Rea e S e e  a  Rea a -
u e  Re o ru o  of P  u er   P

Al2O3 a a y   aro o et al., ACS Catal  
9  24-  20   
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F N  E N  E R F P N  
N N P R ES N R EN N S S 

N ER RE N N NS

Pt-based heterogeneous catalysts play a 
fu a e a  ro e  e ro u o  of bu  
a  e a y e a  a   e ro e a  

ro e e   rea o  o o  P  
nanoparticles undergo electronic and 
morphological reconstruction, which in turn 
a e  e y e a  e fra o  of e urfa e 
P - y r e   e e e  o e   a a y  

e  S  a ea  o a y  e e  
of re o ery of re ou  e a  a  a ea  of 

re ear er  fro  e er y of or o   
a  ESRF  e a e  a  u r a  P 2O3 
catalyst (Figure 168a  ur  a y ro e a o  
rea o  e o b e  u e re e a e 
IR Fourier transform, X-ray absorption 
a  a  e ro o y R F S S   
(Figures 168b-f  e er e  arr e  ou  a  
beamline BM23 ro e  a  u r a y 
re e a  for a o  abou  e urfa e P -
hydride species and the morphology of the Pt 

u er

Fig. 168: a) R- E  ro ra  of e 
P 2O3 catalyst and corresponding 

ar e e r bu o  b) E o u o  of 
the signal corresponding to H2 detected by 
the mass spectrometer placed at the exit 
of e rea o  e  c) 2D map showing the 
e o u o  of e R F  e ra a  a fu o  
of e for e P 2O3 catalyst during 
dehydrogenation in N2 o  a  20  for 
the operando R F S S e er e  
d-f) E o u o  of e or a e  P  3-edge 

NES a  E FS e ra of e P 2O3 
catalyst collected simultaneously to the 

R F  e ra  ar  (c)

Pt-based heterogeneous catalysts are employed in many industrial processes involving 
hydrogen, ensuring high selectivity and conversion at relatively mild operating conditions. 
Being able to follow the dynamic behaviour of the Pt clusters under reaction conditions with 
synchrotron characterisation techniques is key for designing increasingly potent catalysts.



INDUSTRIAL RESEARCH

168 ESRF

Fig. 169: a) F  e er e a  e -u  b) S ra  e o u o  of 2  r ua  
e  of e o ra  ur  a ea  c) Local misorientations of 

r ua  e  o  o a o  oo  ur  re o ery  d) Atomic 
u a o  o  e re a o  of S  o  o a o

A multi-scale study of the interaction of 
Sn solutes with dislocations during static 

re o ery  α-Fe  N  a r a  et al., Acta 
Mater. 174  2- 04 20  

o  0 0 a a a 20 0 02
   

er a  o u e- o a o  era o   
e e a  for o  a er a  erfor a e  

S r e or a  a ee  a ufa ur  
company, in collaboration with researchers 
fro  Fra e a  e ar  u e  F  a  ID06 
o u y e e e  of S  o u e   efor e  

Fe- S  a oy  ur  re o ery a ea  
(Figure 169

Figure 169b-c shows the strain and local 
misorientations in the interior of two embedded 

ra   o ere  a e   
and without Sn, as they were mapped during 

o er a  a ea  e ra   S  
o e  0  o er re a a o  e  of e 

er a  re e  ur  re o ery   a or a e 
 e e er e a  ob er a o  a e  

model showed an increase in the dislocation 
junction strength due to the solute addition, 
while atomistic modelling demonstrated the 
solute accumulation around edge dislocations 
(Figure 169d  F  ro e  a re  
ob er a o  of e e o u o  of ra  e  
around dislocation loops, which remain nearly 

a  ur  re o ery ue o S  o u e  

e e re u  u ra e e a ab e  of 
F   ra -re o e  u e  o e  e  

a e ue  for e ara er a o  of y 
ra e  o y ry a e a er a

RE E N  S E S N N ER NS 
N E E E  R NS R N  RE ER  

NNE N
The properties of engineering materials can be improved by optimising the microstructural 

           
               

3D mapping of orientation and lattice strain within individual grains embedded in bulk samples.
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S N  R E R R S R P   E 
P S N F N 4S N R F R RE EN  
F S

o ery of e ra  eu o r e e- 4 
Synthase Inhibitor (1S,2S -2- -[ -

oro-2 4- uoro e y 2- uoro-2-

e y ro y a o - - e o y yra -
2-y arbo y y o ro a e arbo y  a  

 a  a Ne  rea e  for a  

 u  af Ro e  et al., J. Med. 
Chem. 62  -  20  

o  0 02 a e e b00

   

S u e  o  a  e y e e eu o r e e 
a a e re a  y a a e   o e 

a a  e e  o e o  - o e a e  
or ora  or o ero  e e  b o  of 

4S ou  ro e a e  rea e  for 
a a a e   a y a a e  
y e e eu o r e e a a e   a a e  

4S b or   a  ro re e  o re a  
toxicity studies but, due to moderate metabolic 

ab y  ra or er era o   b  
a  e u ar o y   ra   a  

o  ro re e  Fur er o a o  ro y 
focused on maintaining high cellular potency 

e re u  o o o y r

 a e bra e ro e  4S  a a e  
ar e  for ru ure e er a o  o e er  

a team of researchers from AstraZeneca 
e er e  e ry a  ru ure of 4S  
o e  2  a  a a o  of  o 2   re o u o  

following MX data collection at beamline ID23-1  
(Figure 170  e ru ure re ea e  e 
binding-mode of 2, enabled structure-based 

e  a  u e  e a  e ora o  
Optimising the substitution on the aryl group 

 e o er ar  of e o e  e a a  
side chain, as well as the ability of the 
central aryl to form π-π interactions with the 
e y e e e ua y a e   a  

ro re e  o a  u e

Fig. 170: a) o ou   a  2  a   
b) o ou  2  o e   4S

Inhibition of LTC4S, a glutathione transferase central to the production of the cysteine 
          

           
was used to determine the crystal structure of LTC4S in complex with a candidate inhibitor 
drug.
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e e er a o  of ry a  ru ure  fro  
o er -ray ra o  P R  a a by u  
re - a e e o  a  be a y 

limited by the degrees of conformational 
free o  F    urre y e  be ee  

0 a  40 F  o e ue y  o e  a roa e  
are o uou y e e o e  o a o  a  rea e 

 e F e ee  o u a o a  e 
rea  

S e  fro  e a P ar a eu a  o e er 
 re ear er  fro  e e  Re ub  a e 

u e fu y a e  a  a a e  e er e a -
computational strategy allowing the crystal 
structure determination from powder X-ray 

ra o  P R  a a a e  a  bea e 

ID22 of selexipag, a drug for the treatment 
of u o ary ar er a  y er e o  P  
(Figure 171    F   ru ure  
currently one of the most complex organic 

o e u ar ru ure  a  a  bee  o e  ab 
initio fro  o er ra o  a a  

 ou  be o ere   fu ure a  a a ar  
approach for pharmaceutical companies in 
characterising complex organic molecular 

ru ure  e ab y o a ura e y e r be 
all processes that occur in the manufacture 
and formulation of drugs thus opens a more 

ra for ar  ay o o e a a e  
y ar a eu a y a e ub a e

Fig. 171: a) Synchrotron 
ra o  a a  b) Solid-state 

1H-1H MAS NMR correlation 
e ru  c) Crystal structure of 

e e a

A successful strategy for high degree of 
freedom crystal structure determination 
fro  o er -ray ra o  a a  a a e 

study for selexipag form I with 38 DOF, 
 u  et al., Cryst. Growth Des.  

4 2 -4  20  

o  0 02 a b00
   

N  E R S  S R RE E ER N N F 
P R E  S S RE S R F R R

The determination of crystal structures is key for the pharmaceutical industry and, 
           

increasing demand to characterise complete series of polymorphs has led to a novel 
experimental-computational strategy using PXRD to determine the crystal structures of 
very complex systems.
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Correlation Between Electromigration-
Re a e  o  o u e  a  e- o-Fa ure 
by  Re o u o  -Ray o o ra y a  

o e  S  oreau et al., 
IEEE Electron Device Letts. 40   20  

o  0 0 E 20 2 4 0

   

N  E E R N F 
N ER NNE S N S E SENS RS

High-resolution synchrotron tomography has demonstrated a proportionality between 
electromigration-induced void volume and time-to-failure in interconnects produced for 
CMOS image sensors. The results could help in designing microelectronics parts that are more 
reliable.

Re ear er  fro  E  S roe e ro  a  
e Na oe e  e o o a  Re ear  u e 

a e arr e  ou  a  - e  e a o  
of e e  re ab y of er o e  
produced through the hybrid bonding-based 
semiconductor integration process used in the 
o ru o  of S a e e or  ey 
ee e  a o - e ru e ea  o o a e a  
ea ure o  for e   er o e  

Su  o  are e e e of e ra a o  au e  
by e e e ro ra o  e e   e ra o  
of a o  r e  by e e e r  urre  e 

a e of  e e   o ou e  by 
e re  of re u o   ru ure e for ore 

e e  roe e ro  a   a o a e  
rea e  urre  e y

 e  e e a  fabr a e  o a  00 
e  ba -e -of- e Eo  er o e  

(Figure 172a  e e er o e  ere 
formed by the direct bonding of two 300 mm 
patterned wafers, with post-bond anneal 
a e  o re e  e bo  e bo e  

erfa e  e ybr  bo  e a   
a  a e o  of  ro  a  ea   
o a e   ybr  bo  a   

e e e ro ra o  e  o e  a  a 
current through the interconnects until a point 
of failure was reached, with the failure criterion 
e  o a 0  rea e  re a e  a ue 
 a e for e a eara e of o  
a a  o e of e 

Synchrotron-based X-ray phase-contrast 
nanotomography at beamline ID16A was 
u e  o o a e e o  for e  ur  
electromigration tests and to measure their 

o u e Figure 172b   e ue a o e  
the complicated sample preparation necessary 
for o er ro o y e ue  a  ro e  
3D information, which is preferable to address 

ue o  re a e  o o  a  oro y  
e era

o  ere o a e  o y  e fee  e 
Eo P ayer  abo e e a a r  o  

e a o e e o r  a  e y e of 
ybr  bo  a  u er e a o  

is immune to electromigration due to its 
o ue  a er a  era  e e er e  

demonstrated a linear relationship between 
e e ro ra o - u e  o  o u e  a  
time-to-failure in hybrid bonding based test 

ru ure

Fig. 172: a) Schematic of the test structure showing its 
a y- a  of er o e  b) u ra e o o ra y 

re u  a er a  e e ro ra o  e  0  a  20  
bo e a  be o  a e   e o e  a  e  
e e e  o u e  re e e y

b)

a)
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u  of e or  of e e a  o   
20  fo u e  o  e e e a o  of e 
E re e y r a  Sour e E S  e e a  

fra ru ure o   aye  a ar e ro e 
in dismantling the third-generation storage ring, 
preparing the storage ring tunnel for the new 
machine, managing the intense handling logistics 
during the entire dismantling and installation 

a e  a  e a uu  y e  fo o  
up the contractors for the cabling and piping 
installations, and aligning all the components to 
u re e e e  re o  e ru e a o  
Ser e  a  e e o e  o  S  
o ue  ro ure e  a  e e o e  of e 

o  e e or  ru e a o  a  o are 
a   e  e o  e e  our e ro er e  
e u e fu  o e o  of e a  

and installation phase demonstrates the extent 
to which the ESRF is capable of mobilising its 
teams of experts to accomplish an incredibly 
o e  ro e   a or  e

 e E S a  a  a a o  a e 
e  a e o   o  ur  o ar  e 

commissioning of the new accelerator, the 
restart of all beamlines and, in particular, to the 
E S bea e ro ra e  e e y e ery 
of the infrastructure for the EBS beamlines and 
refurbishment of many of the other beamlines, 
followed by the design, procurement and 

a a o  of e e  ru e a o  
 be e ra  o e a e  of e S  a  

e  o er e o  year  a y of e 
infrastructure contracts for EBSL3-BM18 and 
E S - 2  a e a rea y bee  a e   

e  or  for  e  a a e  a  
ro re  a or  o a  a  e or  for 
2  ar   e ar reu e a  e r  

article in this chapter outlines the methodology 
applied for the beamline infrastructure 

ro ra e  e ur  e ery o e a o  
on time and within budget (page 176  erea  
more details on the implementation of the EBS 
portfolio can be found in the Status of the EBS 
chapter of the Highlights (page 8 .

e e  a e era or o e  e e  a  
refurbished beamlines and new, fast, high-
resolution detectors will allow the most 
a a e  e er e  o be arr e  ou  u er 

ea  e er e a  o o  o e er   
comes at the expense of an exponential increase 
in the production of data, which need to be 
a o a e  re u e  a a y e  a  ar e  e 

a a a a a e  o  a o o  a e e  
all large research infrastructures and needs 
o be a re e  ur e y o a o  e a  of 

adequate resources for data management and 

ENABLING TECHNOLOGIES
a a a a y  e rea  e  ou u  e 

challenge is such that it cannot be addressed in 
o a o   o abora e a roa  o  for e  

o  a a o a  a  Euro ea  e e   re u re  
for e  e ay for ar  e a e ar e  

u  a y of e bu  b o  o a e o 
implement modern data management and data 
a a y  o e   u e  e ESRF a a 

o y  e u e of o a e e o o y  e 
a a e re a  fore o  o e  o are 

for a a a a y  e PaN S  ro e  o e er 
with the complementary ExPaNDS project, 
described in the second article of this chapter 
(page 178   e a boo  o e Euro ea  
Strategy Forum on Research Infrastructures 
ESFR  a  a o a  o o  a  eu ro  

research infrastructures in a coherent approach 
to data management and data analysis, and 

 a e e ay for u  ee er o abora o  
be ee  e re ear  fra ru ure  o e  
Both projects will also enable interaction with 

e Euro ea  o o  o a e ure a  e 
o e of our e  u er o u y  ear  

and in order for the European Open Science 
ou  E S  o e e o  o o e  a  

e er  ub a a  be e  o our re ear  
o u y  e E S  e  o a o  a e  o 

open data, thus also enabling new research by 
ro - o a  u e of u  a a    o e  
e ro e of re ear  fra ru ure   o ro e 

a e  o o e  a a  

r  e a a e era e  by e e er e  
for fu ure reu e a e  e e o y f e a a  
a o a e   r  a  ea fu  e a a a  
An important component for the metadata 
a ure  a  e e ro  o boo  o erfu  

a  e b e e ou  o a ure e a y 
ur  a  a er e e er e  e e e ro  

o boo  e r be   e r  ar e of  
section (page 179   a  or a  ar  of e 
implementation of the ESRF data policy and it is 
part of the implementation road map, which aims 
o a e a  ESRF bea e  fu y e e  

e a a o y by e e  of 2020

In addition to the topics presented in the 
E ab  e o o y a  S a u  of e E S 

a er  20  a  e e  a y or a  
a o e  a  a e   ar ou  
e o o a  area  a o   e ou  e 
o e o  e a y

• e o erab e ro re   e o e   
 of the propagation of partially coherent X-rays  
 rou  erfe  o  e e  rror  e
• e ro  ab y ro e e   
 a e e    e y e  erfor a e of e  
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 oub e- ry a  o o ro a or  by  
 a y  rea - e fee ba  o ro    
 scanning mode, and the tendering procedure  
 for o a o a  o e e y e
• e -o  for e R  a e of e ER  
 ro e  for e e e o e  of a o e  2   
 detector optimised for high energies and  
 e-re o e e er e  ba e  o  a o e   
 concept combining photon counting and  
 ar e e ra o
• e a a e   e - rou u  a a  
 acquisition scheme based on the LIMA2  
 o are fra e or  e R S P  a a ra fer  
 ar e ure a  e N FR  a  S R P   
 e e or e e o e
• e a a o  a  ur a e  of - 
 erfor a e  fra ru ure o o e  o  
 increase data throughput and data processing  
 a a y

a  bu  o  ea  e a e ar e  o e ore 
a  or  o  e o e a  of a e ear  
a  ar a  e e e  o ro  a  a a 
a a y  o  a  a or o  oo  a e o  

2 - 4 No e ber 20  a ra  o e 0 
e a  e ea er  ere e er  fro  a y 

ab  or e a  e ere  re e a o  of 
ou a  ua y a  e  e ou ube e 
ra o  of e or o  re u e   ore 

a  2 00 o e o

J.-C. BIASCI, R. DIMPER  
and C. NEVO
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Fig. 173: Example of a standard beamline layout, 
ere for e 2  bea e
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ESRF beamlines concentrate a large amount of technical infrastructure in a condensed space, giving rise to 
unique construction challenges. The Technical Infrastructure Division’s Buildings & Infrastructure group (TID/BIG) 

              
infrastructure construction projects in the context of EBS.

Four new beamlines will be constructed by the 
 o er e er o  2020-2022 a  ar  of 

the EBS upgrade programme, and many others 
 be rebu  or refurb e  ESRF bea e  

are o r e  of o e or e era  o  ab  
an experimental cabin, hosting the sample 
and detectors; and a control cabin, where the 
e er e   o ro e  a  a a ua e  a  
processed (Figure 173  

e o  a  e er e a  ab  are e ure 
area  e e   ea  e   r y 
o ro e  a a Per o a  Safe y Sy e  
PSS  a  au o a a y o  e bea   
a e of e ry ur  bea e o era o  

e ab  a o u or  e ur y y e  
including an electrical emergency stop system, 
radioprotection security system, gas content 
a a y  re e e o  y e  a er ea  

e e o  e   e  a  uara ee  u er 
safety, the experimental cabin must also 

ro e a e a  erfa e for e er e  
ensuring power supply and connections for 
experimental control systems, data acquisition 
between external modules, detectors and 
actuators, cooling systems, gas supply and 
e ra o  e  e e e e e  are o e  
in small areas yet optimal conditions should 
be guaranteed for them to operate correctly, 
including temperature control, hygrometry, 

a r re e a  ra e a  a  or o o e e ra o  
e ab  are a o e u e   y e  

to ease maintenance and operation, such as 
o er ea  ra e   ra e  a  fa e oor  
o a o  a e  o e er e a  area  e 

ceiling is easily dismountable for handling of 
e er e a  e u e  e o ro  ab  
are bu   ua -  u a e  a e  fa e 
ceilings, windows, doors and guard rails, and 

e ra e a  e a ar  fa e  for e or  
electrical plugs, air conditioning systems, air 
e ra o  a  u  r bu o

According to a beamline's requirements, a 
standard construction typically includes:

•  o 00 2 of lead panels, including walls,  
 oor a  e  
• 00-2200  of  for u  a  a   
 e ra o  a  be ee  0 a  220 a e
•  000-  000  of o ro  ab e   00 o  
 00 o e or  4000  of o er ab e   
 2 0  of ab e ray  2 0  of er a   
 r bu o  u  0- 0 a  a  2 0- 00  
 e e r  u

For the integration of these utilities, the design 
u  a e o a ou  e era  o ra  

and implementation regulations to optimise 
a a o  a  ro e a e  r bu o  

of er e  o u er

• e fra ru ure  ab  u  be e ra e   
  ra o ro e o  e   r e o  
 o ru o  u or  a  a e  o ra  
• e u  e e r  a  e ra o  a  a r  
 treatment equipment should be installed on  
 a shared mechanical support to optimise the  
 o u e  a e  a  e u e   a e  o   
 u or  ra  e e e y fro  e e e   
 a
• e e e or  ou  e e ra e e ab   
 rou  ra o ro e o  a e
• e o o  a  a e  of e e e r a   
 e or  ou  be arr e  ou  a or  o  
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 a a o  a ar  e  ab e ray  for  
 o er ab e  o ro  ab e  e or  ab e   
 a  e ur y ab e  a  ou  be ea y  
 a e b e  or er o a o  o a o   
 a  fu ure e o u o  ro er o  y e of  
 a a o
• e oo  e or  u  be a e b e for a   
 ea y a a o  of ub y e
• e e e a o  of e e u e  u  be  
 in line with French and European standards  
 a  re u a o  

In order to standardise installation as much 
a  o b e a  e ure e e  ro e  

a a e e  e  a  e e o e  e ra o  
procedures, standard 2D and 3D beamline 

o e  a  a ar  e a  e a o   
beamline infrastructure project is punctuated by 
ey a e  u  a  e o e ua  e  a e 

R  a  e a  e  a e R  a  
o e e   e a  e  a a o  rea y 

for ra a o  e

e r  e  fo u e  o  e e o  of e u er  
ee   ar   a u y of ra o ro e o  

ob a o   e e ra o  of e  a  
e a  e u e  a  e o  of e ayou  

fo o e  by a e o  of ee  for e  
fra ru ure  Fro   e  e er e  

the requirements for the construction project, 
r e  e e a  e a o  e  

launches the calls for tender before proceeding 
o e o ru o  a e  Figure 174 shows the 

process of project management according to the 
e  ou e  abo e a  fo o  e a ar  

ro e ure

A series of project milestones (Table 1   ra  
up and referred to by the project manager and 
technical designers, allowing them to ensure 

e e y ro re o  of e ro e  e 
oor a o  a  are a a e  a  arr e  ou  

by a  ESRF ea  e a e   o ru o  
 ea  a e  are of e a  oor a o  

Milestones

Gate A R a a o
M1 S ar  of re- u y e  r  ea  e  fa e  r  o   
 e a o  ea  a  fa e  a  for e o ru o
Gate B R a a o
M2 S ar  of ea  e
M3 S ar  of e fa y e  a  re u re e  a e e  e  
 e a a  e eer  rou  E  a  bea e   a e fu y  
 e e  e ea  u  ee  o 
M4 au  of a  for e er for ea  o ru o
M5 Launch of calls for tender or requests for quotations for facilities  
 a  re u re e  for o ro  ab  a  fa e  a e e   
 E   a  o ro  a e fu y e e  e ab  u   a   
 N2 re u re e  o 
M6 S ar  of ea  or
M6’ S ar  of fa e  or  e  of ea  or
M7  fra ru ure rea y for ra a o  e  R   e  of or

Fig. 174: ey e  u ary for u y a  e e a o  of a bea e ro e

interaction management, planning for studies 
a  o ru o  or  a  e ure  e oo  

o  of e ro e  u  e o o  a  
e  a e

o o u e  e  ro e  a a e e  
ra e  e ure a ra o a  a  e e  

e e a o  of e ESRF  bea e 
fra ru ure ro e   a o  e era  

oor a o  e ab e  a oba  o  o a  
e era  ro e  a  be arr e  ou   ara e  

u  e a e y e of re our e   
oor a o  u er a e  by   e ure  

by a re u ar fo o -u  of e or oa  fre ue  
era o   e o er u or  er e  a  

 e o er o  o e   u  ro e

Table 1: Milestones for 
beamline construction 

ro e
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Photon and neutron sources are hitting a data analysis wall with the huge increase in data volumes, new 
                  

                    
Research Infrastructures (ESFRI) institutes have started the PaNOSC project.

PaN S   a e  by e E  e e fu  
fra e or  2020 NFR E S -04 ro ra e  
as part of the European Open Science Cloud 
E S  ro e  o a e a a a  ESFR  o o  a  
eu ro  our e  F R  i.e. Findable, Accessible, 

ero erab e a  Reu ab e  [1] and to share the 
outcomes with all national photon and neutron 
sources (Figure 175  e PaN S  ar er  
include ESRF as project coordinator, ILL, EuXFEL, 
ESS  ER -ER  E -  a  E  PaN S   
a o a e    o  by N  ES  

ESNE  a  S F

PaN S   a 2  ro e  a e  a  e  a  
six ESFRI partners to implement modern data 

a a e e  for e  re ear  a a  e 
PaN S  ar er  e era e e aby e  of e  
data each year – the ESRF alone generated 

e e aby e  of ra  a a  20  PaN S  
will enable these data to be professionally 
managed by generating meaningful metadata, 

 er e  a  ob e  e er  
a o  o  ub a o  o e u er y  

a a a  e e ua y o e a a y  o are  
a  by a  e a a a a ab e o e er 

e  o u y a e E S  e E S  
is being built by a large collaboration of ESFRI, 
e-infrastructures, and research infrastructures 

a ro  Euro e  e PaN S  ro e   ru ure  
o e or  a a e  P

• WP1 – Management 
e a a e e  P fo o  u  a  re or  o  
e a a  a e  a  e erab e  of ea  P

• WP2 – Data Policy and Stewardship 
e  by e ESRF  P2  e a e  o u a  

 e  a a o y o u e e F R  
principles as well as other new data stewardship 
o  u  a  PR    ESFR  ar er   

a o  or u a e e r a a o e  a or y  
e e o  a  ob e e  o re are a oo  for 

e era  a  e a ua  a a a a e e  
a

• WP3 – Data Catalogues 
e  by ESS  P   e a e  o e e o  a 
o o  oo  for ear  a   o a e 
a a ore ab e  a a  e PaN S  a  
a o a  o o  a  eu ro  a a a a o ue  

 e e ro  o boo  o a e a a ore 
reu ab e  a  a  e a e  a a or a  o a e 

a a ore a e b e  are be  e e o e  a  e 
ESRF  e Ne u  e a a a a ar   a o be 
e e e  o a e a a ore ero erab e

• WP4 – Data Analysis Services
e  by Eu FE  P4  ro e o a  a  

re o e u y er o eboo  er e  a  a re o e 
e o  er e  e e er e   be e  o 
e a a o a  u er  a   e r a a a  

ru  e a e o eboo  o  e r a a  e a  
e e o e   be a a a a a y  or a  

ro e  ua a o  for u y er a  a eb-
ba e  F  e er  Ea  ar er u e  

ro e a ro u o - ra e u y er er e

• WP5 – Simulation
e  by Eu FE  P   e e o  a  e e  

e  u a o  er e  for o o  S S  
S E  a  eu ro  S a

• WP6 – Linking to the EOSC
e  by e  P   a e e u er 

authentication authorisation infrastructure 
 bre a  u a ab e  e e  of 

ar er N   P   e a a a  
u a o  er e  o E S    a o e e o  

a  e e  a a o oa  er e for ra  a  
re u e  a a

Fig. 175: PaNOSC 
ob e e



y  a  Ru o f er  o  be a f of e PaN S  ar er  ESRF

[    o  et al., Sci. Data 3  00  20
[2  E PaN S ro e  e a eu  
[    et al., Proc. of ICALEPCS2019, 7-11 Oct. 2019, New York, USA 20

S e a  a  o ESRF a a e e  a  ESRF o ea ue  or  o  PaN S   o era Se ere   e ar a   a e   e  
 So e  R  o   Ne o   a be   e er   ebay e  E  Eyer a   Rou e e  o o  o er   a a   a bar e a a  
 o o a o  e r  e  o ub  a or e  e r u er  ub  o e  a a a  a a e rf fr
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The ESRF Data Policy was adopted in 2015 and has been in the process of being implemented since then [1]. 
An essential part of implementing the ESRF Data Policy is a web portal that includes an e-logbook, allowing 
users to document essential information about their experiments.

• WP7 – Sustainability
e  by ER -ER  P   a u a e e o  

of e e  F R  a a a  e a o a e  
a a er e  a  e e o  a u a ab y a  

for ar er

• WP8 – Training
e  by ESS  P   ro e a  o e ra  
a for  a  e e o  ra  a er a  for 
P  2-  er   be ra e   be  ra e 

for F R  a a r e  a  o  o u e e 
a a a a y  er e  for ere  e  
e ue

• WP9 – Communication
e  by ER -ER  P    ar e of 
o u a o  of e eb e 
a o eu  a  o a  e a

e PaN S  ro e   a u e o or u y for 
the ESRFI photon and neutron sources to update 
and harmonise their data management to be 
F R  o e e o  a  ro e a a a a y  

a  u a o  er e  for e  a  o 
ro e ra  PaN S   e  bu  a   
o E S  o a    e ee  of e e  

Fig. 176: How 
PaNOSC sees the 
E S

communities (Figure 176  PaN S   are 
all the outcomes with its sister project – ExPaNDS 
[2], which is doing the same for national photon 
a  eu ro  our e   Euro e  For ore e a  
on PaNOSC, refer to [3]

e eb or a  a a e rf fr  a o  
u er  a  bea e a  o  a o a e  
and download their data (Figure 177  e 
e- o boo   o ere  ar  of e e a a a 
of the experiment and is an essential part 
of a  a a F R  F ab e  e b e  

ero erab e  Reu ab e  [2]  e  a  e 
datasets obtained during an experiment is one 
thing, but understanding how these data can 
be e o e  a  reu e   a o er  ou  

additional information, it would be cumbersome 
for e  o reu e e r a a    ere 

e e- o boo  o e  o ay

e a  oa  of e e- o boo   o e r  e 
for a o  of a e  e er e  a  e e a y 
e e o - a  a  r e  e e er e  

By storing all the steps followed during data 
acquisition in chronological order, it enables 
u er  o ee  ra  of e o o    
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data and metadata were collected (Figure 178  
e e- o boo   rea e  a  e a a a a   

therefore required by the data policy to be 
ar e  a  ore  for a  o  a  o b e by e 
ESRF ra  a a are ore  for 0 year

e e- o boo   o o e  of a er e  of 
e a e  o  fro  ere  our e  e 

acquisition side or the user entries, and is accessed 
a e a a or a  ur  e a a a u o  

messages such as errors, motor positions or 
commands issued by experimental team to the 
o ro  y e  o o e SPE  or SS e  are 
e  au o a a y o e o boo  ea e  

generating images, graphs or tables during the 
a u o  ro e  a  e  e e o e o boo  

ro ra a a y  ea e e  are ab e 
o u o e a  ou  be e  o e o boo  

au o a a y

e eb-ba e   e ab e  e u er o rea e 
o e  or e e  o e  o   e e- o boo  
u  re a  e bea e a er o boo  
e fa  a  e e- o boo  o e  are ore  

e ra y a  are a e e  a e eb ea  
 a  ro e fea ure  a  are o er e 

u a a ab e  a a er o boo

A modern rich text editor enables authorised 
u er  o o u a e e r e- o boo   r  e  

Fig. 177: Screenshot of 
e e e ro  o boo  
Image from proposal 

EV-280, Beneficial 
symbiosis in tomato 
plants: its role on Fe 

translocation and 
speciation, Dr. Ana 

Gonzalez Franco, 
Universidad Autonoma 

de Chihuahua/
Facultad de Ciencias 

Agrotecnologicas.

Fig. 178: e e- o boo  ore  a o a  e a a a 
o  e e er e  e a e  o  ore   e 
e- o boo  a e o ere  or  E er ey are 
sent from the beamline data acquisition side and 
a  orre o  o error  e er e a y re e a  

information, command lines or debugging messages, 
or they are sent by the experimental team in the form 
of re e a  o e  e r  e e er e a  
o e  or e r b  e a e  for e a e



 a e   e ar a   So e a    
ESRF

[  R  er et al., Synchrotron Radiat. News 32  - 2 20
[2    o  et al., Sci. Data 3  00  20  
[  ab e rf fr a e o boo - a a o e
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a e  a  ab e  or o e  e  o  
Ea  o  a   o  er o  o a o  o ro  
y e  a  a o  u er  o o  e  a  by 

o  e o  a  bee  rea e  or o e  
e  y e  a o  e e er e a  ea  

o ee o a e e r e  a  o a o  a 
ub  e  oe  o  o  e e y of e 
er o  o a e e e r e  

 o  of e or  a  bee  e e   a  e 
e- o boo  u er fr e y   a  bee  e e o e   
o abora o   e  a  ro e  ba e  

o  e r fee ba   a  e a e   fa a e  
insertion of images from any standalone 
a a o  u  a e r  eyboar  

or u   a  y e   a a ab e a  
a e   o b e o a  o  for or a a o  

ur o e   o  a  be a e   u e 
a  a bra o  e  e  e o boo   

a e b e fro  a y ere   of e e  
(e.g.  o u er  o e  a  ab e  be au e  
a a  o ere  ree  e  a  re o u o  

e o boo  u or  a  o o  fro  a 
ob e o e a era

e b  a a a e o er a a er o boo   
e o b y o ea y ear  for ey or  

au or  or e a  a a eou y  
In addition, the export feature enables a PDF 

document of all or only selected logs to be 
e or e  u  a   o b e o are e 
o boo  o e  a  a e

At the end of the experiment, the corresponding 
e- o boo  re a  u er e bar o a   
a e b e o e e er e a  ea  o y  e 
embargo period can be used to populate, update 
or e r  e o boo   a a y  re u  a  
could not be performed during experimental 
bea  e   e e ra o  of e e bar o 

er o  ree year  by efau  e e- o boo  
the data and all the metadata become publicly 
a e b e for eer-re e  ro o a  For 
proprietary research, the information in the 
o boo  re a  o e a

e e- o boo   a  e e a  ar  of e a a 
o y e e a o  a  ESRF  e e- o boo  
o are  o e  our e a  e our e o e 

re o ory  ub y a a ab e [3]   a  a o 
been containerised so that it can be tested 
a  a a a o e ro u    a a ab e o  a  
bea e  a  e e  e a a o y  

e e o e    o o  a  e  fea ure  are 
fore ee  for e a e    e a e  o a e  
a o a  o  re a e  o o e a a a a y  
No ab y  o er o o  our e  a e o  a  

ere   e e- o boo  e e o e  a  e ESRF 
a  are a  o e  
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E ERS N  SS E N R ES
S F N R  2020

E E NES

E ER N R ES
2  Fra e
24  er a y

2  a y
0  e  o

 Ru a
 e e y  e u  

 e Ne er a
 Nor y  e ar   

 Finland, Norway,  
 S e e
4  S a
4  S er a

SS E N R ES
 rae
 u r a

0  e ra y  
 e  Re ub  
 u ary  S o a a

 Po a
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0  Sou  fr a
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BM32

BM01

ID02

BM02

ID03

BM05

ID06

BM08ID09
ID10

ID11

ID12
ID13
ID14

BM14
ID15A+B

ID16 A+B

ID17

ID18

ID19

ID20
BM20

ID21

ID22
ID23 1+2

BM23
ID24

BM25
A+B ID26

BM26
A+B

BM29

BM30 A+B

ID01

ID27ID28
BM28

Experimental
Hall 2

Experimental
Hall 1

Linear 
Accelerator

(Linac)
Booster

Synchrotron

Storage ring

Control room

Central building

Laboratory and 
o e bu

ID29

ID32

ID31BM31

ID30 A+B

BM16

BM07

    ESRF beamlines

    CRG beamlines
 
    Instrumentation 
    and machine 
    test beamlines
   
    Refurbished or 
    upgraded 
    beamlines

    Added / Refurbished
     in 2018

Cryo-EM (CM01)

Fig. 179: Experimental hall showing 
location of the beamlines (public and 

R  bea e

Details of the public ESRF beamlines as well as those 
o era e  by o abora  Re ear  rou  R  are 

e   Tables 2 and 3  Figure 179 shows the location 
of e bea e   e e er e a  a

ESRF beamlines

R  bea e

Instrumentation
and machine test
beamlines



185HIGHLIGHTS 2019

S R E N ER F  E NE S S
P S N N EPEN EN  N E
 EN S NS

0   ro ra o  a  era o a  e 2 4
02  e-re o e  u ra- a -a e -ray a er  era o a  e 0 4
0   Surfa e ra o  era o a  e 0 4
0  0 4 ar e o u e re  era o a  e 0
0   e-re o e  ru ura  y a  era o a   e 0 4

0  So  erfa e  a  o ere  a er  era o a   e 0 2
  a er a  e e era o a  e 0 4

2  Po ar a o - e e e  -ray e ro o y era o a  e 0
  rofo u  era o a  e 0 4

 0  a er a  e ry a  e eer  era o a  e 
 0  - re ure ra o  era o a  e  
  Na o- a  era o a  e 0 4
  Na o-a a y  era o a  e 04 4

  e a  era o a  e 0
  Nu ear a er  era o a  e 0  
  ro o o ra y era o a  e 0  

20  e a  -ray a er  era o a  e 0
2   -ray ro o y  R e ro o y era o a  e 2  
22   re o u o  o er ra o  era o a  e 0 4
2  2 a ro o e u ar ry a o ra y  era o a  e 0 04

  a ro o e u ar ry a o ra y rofo u  era o a  e 0 0  
24  er e E FS era o a  e 02
2   -ray ab or o  a  e o  era o a  e 
2    re ure  era o a  e 02 0
2   -ray a er   era o a  e 2  
2   u a e e  a o a ou  ra o  era o a  e 0 00

0  2 a ro o e u ar ry a o ra y era o a  e 0 4
0   a ro o e u ar ry a o ra y era o a  e 04

  erfa e  a  a er a  ro e  era o a  e 
2  So  -ray e ro o y era o a  e 4
2   -ray ab or o  e ro o y era o a  e 0
2   o S S era o a  e 0 2 
0   ryo-E  era o a  e 

Table 2:  of e ESRF ub  bea e

     
    

 

0   S -Nor e a   -ray ra o  era o a  e 0
02  2  Fre  a er a  e e era o a  e 0 4
0   S  a a  -ray ab or o  e ro o y era o a  e 0 4

4  E u e a  E FS era o a  e 0
  F E-  Fre  -ray ab or o  e ro o y era o a  e 02

20  R  er a  Ra o e ry era o a  e 0
2  2 SP NE S a  -ray ab or o  a  ra o  era o a  e 04 0
2  2 E u e a  S a -a e a er   era o a  e 2

   E FS era o a  e 0 0
2   aS r  ra o  a er  a  e ro o y era o a  e 04

0 2 F P Fre  Pro e  ry a o ra y era o a  e 02
  F E Fre  -ray ab or o  e ro o y era o a  e 0 02

  SN   S -Nor e a  -ray ab or o  a  ra o  era o a  e 0
2  F Fre  -ray ra o  a  aue ro ra o  era o a  e 0 4

Table 3:  of e o abora  Re ear  rou  bea e



SER PER N
FACTS AND FIGURES

186 ESRF

2019 was an unusual year for user operation – no X-ray beamlines were operating due to the EBS shutdown and 
               1  

since this facility runs independently of the ESRF accelerator and source. Applications for beamtime on the cryo-
                 

Members of the Beam Time Allocation Panel for the structural biology beamlines reviewed the proposals as they 
were submitted and experiments were scheduled within two to three months following submission, with a typical 

     

Figure 180 shows the number of applications 
for bea e re e e  e 20 2  Fo o  

e P a e  ra e Pro ra e a e  
 e   20  re or   u ber  

of ro o a  ere re e e  u e e y fro  
2016 to 2018, reaching an all-time high in 
2018 despite the shorter operation year (beam 
a a ab y of  o are   a or a  
year  e 20  ure  for ro o a  re e e  
and allocated correspond mainly to the cryo-
e e ro  ro o e a e  bu  a o u e 
around 20 bio-SAXS and crystallography 

ro o a  for e ru ura  b o o y bea e  
e e ro o a  are a o ub e  a e ro  

access mechanism and were submitted too late 
o be u e   e 20  ure  for re ue  

and allocation (although the experiments 
e e e  ere arr e  ou   20  a  o 
e bea e  e er e  a  u er  are 

u e   e 20  ure  

e ESRF o era o  year ru  fro   ar  
o e e  of February e fo o  year  

e a ua  u ber of e er e a  e o  
a  u er  e 20 2  a o o   
Figure 180 e 20  ure  o o  u e 
the remaining cryo-electron microscope time 
o be e ere   a uary a  February 2020  

S e 20  e ure for u er  u e  
sample dewars sent by users, and paid for 
by the ESRF in place of a user, for structural 
b o o y e er e  rou  u  ru ura  

biology beamtime may choose to request 
re bur e e  of ra e  a  ub e e for a 
u er or ra or  o  for a e ar of a e  

 20   of e 4  e er e  arr e  ou  
so far on the cryo-electron microscope used the 
latter option, sending a total of 20 reimbursed 

e ar

e u ber of  re ue e  a o a e  
a  e ere  er year e 20 2  o   
Figure 181  e a a for e ere    20  

u e e er e  u  o  e e ber 20  
so do not include the cryo-electron microscope 

e    be e ere   e re a er of 
e 20  o era o  year   o   ar  

2020  e a era e ura o  of a ryo-e e ro  
ro o e e er e a  e o   20  a  
e 

e of e ey erfor a e a or  of e 
ESRF is the number of publications resulting 
fro  a a a e  o y or ar a y a  e 
ESRF  or  u e ESRF a  a  au or  

a  are a e e   eer-re e e  our a  
Yearly publication output from the ESRF has 
bee  y e a a y a  a e e  of o er 00 
publications for many years now, as shown in 
Figure 182   e e of o  o re  4  

ub a o  a e a rea y bee  re ere  for 
20   a o a  of  2 ub a o  
a e e   eer-re e e  our a  a   

ure  o ue o e o e e  o e  

Fig. 180: Numbers of applications for 
beamtime, experimental sessions and 
u er  20 2 o 20  N  20  
e er e  a  u er  ure  are u  
o  e e ber 20  ey o o  u e 

the cryo-EM time, which will continue to 
be ro e   e re a er of e 20  
o era o  year
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year  f e e  arou  00 e ery year are 
published in high impact factor journals 

F   e e are e e e  ure  
showing that the ESRF research output 
re a  o e of e e  or e

E S R S PS

In 2020, the ESRF will restart with the 
brand new Extremely Brilliant Source 
E S  a  e a e e for our e  
o u y a  a   be o ear  

and understand how to fully exploit the 
properties of this new source to enhance 

e e  re ear  arr e  ou  a  
e ESRF  o  e   20  e ESRF 

or a e  a er e  of E S or o  
o er  a u u e of o  a  
e e  o a er o e er u er  a  

and other experts to discuss and identify 
strategies and challenges for performing 
the best experiments with the new 
our e  e e or o   o ue 

o 2020  a  e fu    e   
Table 4   20  a o a  of 0 e  

ar a e   e e or o

J. MCCARTHY

Fig. 181: Amount of beamtime requested, 
a o a e  a  e ere  20 2 o 20  N  

ea e e ere  for 20   u  o  
e e ber   oe  o  u e e ryo-E  

e    o ue o be ro e   e 
re a er of e 20  o era o  year

Fig. 182: Numbers of publications appearing in refereed journals reporting on 
a a o e e  e er ar a y or o a y a  e ESRF  20 2 o 20  e u ber 

of ub a o  for 20   o  a  a  e e of o  o re

EBS Workshop Title Dates
e-re o e  e e a  0  a   y er y  e Eu FE  ro ra e 4-  ar  20

Nu ear re o a e a er  a  e E re e y r a  Sour e - 2 ar  20
-ray Ra a  a er  e ro o y rob  o   e e e  u  ar  -ray  -  r  20
a -o  - re ure e ue  a  e ESRF-E S oo  -2  u e 20
o ere e a  ESRF-E S -  Se e ber 20

E er  y ro ro  e ue  for ara er a o  of e er y a er a  a  e e  2 -2  Se e ber 20
-ray e ro o y of a e  a er a  -  ober 20

S or - u e e e  e E re e y r a  Sour e 2 -2  ober 20
o a  e e ro  ru ure a  oor a o  robe  by -ray e o  e ro o y -  e e ber 20

Sa e o u a o  by  o o  e e  e re  a  u e re  e e  -  e e ber 20
Cultural and natural heritage at ESRF-EBS 22-24 January 2020

ar - e  -ray ro o y for E S 2 -  r  2020
S u e  of y a a y o re e  a er  -ray  y o a  -  u y 2020

Table 4: E S or o   20  a  2020
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Expenditure and income 2018

Expenditure  Euro

Accelerator and Source
 Per o e    0 2
 Re urre   2  
  Operating costs 2 777,6 
  Other recurrent costs 193,7 
 a a   4 0
  Accelerator and Source developments 34 569,0

Beamlines, experiments and in-house research
 Per o e    
 Re urre    
  Operating costs 1 788,0 
  Other Recurrent costs 3 795,1 
 a a    0
  Beamline developments 6 065,6 
  Beamline refurbishment  
e a  a  a ra e u or

 Per o e   2 
 Re urre    2
 a a    0 2

e e e  o e  fu
 Fu  arr e  for ar  o 20    0

    

Income Euro

20  e ber  o r bu o   0
Fu  arr e  for ar  fro  20  0 0

Other income 
 S e  o a e   0 2
 Sa e of bea e  0 4
 S e  o abora o  a  S e a  ro e   0 4

a a e ESRF-E S  2

Fu  arr e  for ar  o 20   0 

   
 

   

      

Expenditure  Euro

Accelerator and Source
 Per o e    
 Recurrent  2 072
  Operating costs 1 932 
  Other recurrent costs 140 
 a a    
  Accelerator and Source developments 19 783

Beamlines, experiments and in-house research
 Per o e   4 
 Recurrent  3 760
  Operating costs 1 612 
  Other Recurrent costs 2 148 
 a a    2
  Beamline developments 9 921 

e a  a  a ra e u or
 Personnel  33 012
 Re urre   0 2
 a a    
 
    

Income Euro

20  e ber  o r bu o   4
Funds carried forward from 2018 3 683

Other income 
 S e  o a e   2
 o e fro  u r a  o a y 00
 S e  o abora o  a  S e a  ro e  4 024
 Balance ESRF-EBS –2 104
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Expenditure 2018
by nature of expenditure

   
by nature of expenditure

  Euro
 

 
 ESRF a   
 E er a  e orary a  22
 er er o e  o  2 4 2

  
 o u ab e   22  
 Ser e    
 er re urre  o  2 2

 
 u  fra ru ure  0
 ab  a  or o  2 4
 e a or a  Sour e   a  FE  4 0
 ea e  E er e   0
 Computing Infrastructure 1 806,3
 er a a  o  

e e e  o e  fu   
 Fu  arr e  for ar  o 20   0 
 

  

  Euro
 

 
 ESRF a  2 00  
 E er a  e orary a  20
 Other personnel costs 2 448

   
 o u ab e   2
 Ser e    
 Other recurrent costs 1 120

 
 u  fra ru ure 2
 ab  a  or o   0
 e a or a  Sour e   a  FE   
 ea e  E er e   2
 o u  fra ru ure 2 
 Other Capital costs 100
 

 
  

  

2019 manpower (staff members present on 31/12/2019)

   
 

  
    

 
     

 

   
e era or a  Sour e   40  

ea e  ru e  a  e er e     0
e era  e a  er e     
re ora e  a ra o  a  e ra  er e     

Sub-total 305 242 12 559

 
Short term contracts 26 12  38
S a  u er o ra  e rofe o a a o   2   2

    

Scientific collaborators and consultants 4   4

* Including scientific staff on time limited contracts.
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R N S N R  F E ESRF
S F N R  2020

    
C01 0  2  2  a r er o   u a
C02   22   a r er o   ba u o

 2  2  a r er o   Se er
C04 0  4   20  2  0     
 a r er o   a  o o e

 0 - P   2  0   
 a r er o   Ro er

   a r er o  R  er
   2  a r er o  F  a

C08 02   2  a r er o   Pe u o
C09 0  0  02  2  a r er o   a e
C10 S ru ura  o o y ea e  a r er o   e a o
C11 20  24  2  a r er o   Ro e
C12  2  a r er o   or a o

  
re or  P  Ra o

   
 

Insertion devices
Front-ends

   

Secretariat

   
 

ea  -  a

   
   

X-ray optics
 

  

ea   Ne o

    
Systems and communication
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