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and Johanna McEntyre

11.1 Introduction 11-1

11.2 Does EMBL have a duty to respond to changes in
societal norms?

11-3

11.2.1 EMBL’s mission and programme 11-3

11.2.2 Societal impact 11-4

11.2.3 Relevant norms 11-5

11.2.4 Whose interpretation of norms prevails? 11-7

11.2.5 When do IGOs have the duty to respond to changes in
societal norms?

11-9

11.3 Case studies: Big Science at EMBL 11-10

11.3.1 EMBL’s scientific services 11-10

11.3.2 Open science: participating in a global movement 11-12

11.4 Conclusion 11-13

References 11-14

Big Science in the 21st Century

xi



Part II Economic and innovation impact of Big Science projects
[Editor: Jason Li-Ying]

12 Societal impact of Big Science organizations—a multifaced
phenomenon

12-1

Jason Li-Ying

References 12-3

13 Evaluating the impact of Big Science/research infrastructures 13-1
David Eggleton

13.1 Introduction 13-1

13.2 Economic impact 13-2

13.3 Scientific impact 13-4

13.4 Societal impact 13-5

13.5 New dynamics in evaluation 13-8

13.6 Conclusion 13-9

References 13-9

14 The role of large research infrastructures for
regional innovation

14-1

Riccardo Crescenzi and Gabriele Piazza

14.1 Introduction 14-1

14.2 The role of collaboration in research and innovation 14-3

14.3 How can RIs procurement contribute to innovation? 14-6

14.4 How can knowledge from RI procurement spread to the rest
of the economy?

14-8

14.4.1 Creation of new firms 14-8

14.4.2 Publications, patents, and technology licenses 14-9

14.4.3 Mobility of scientists and engineers 14-10

14.4.4 Multiple mechanisms at play 14-10

14.5 Conclusion 14-11

References 14-12

15 Rethinking how to maximise the impact of your research
infrastructure

15-1

Silvia Vignetti

15.1 Introduction 15-1

Big Science in the 21st Century

xii



15.2 Public funding and social acceptance: a changing paradigm 15-2

15.2.1 Increasing budgets and public interest 15-2

15.2.2 From peer review to public scrutiny 15-3

15.2.3 Mission-orientation and social responsibility in science 15-5

15.3 Many have a standing 15-6

15.3.1 Which impact and for whom 15-6

15.3.2 Managing expectations 15-6

15.4 A framework for socio-economic impact assessment 15-9

15.4.1 Mixed methods and indicator based approaches 15-9

15.4.2 Modelling the socio-economic impact assessment of RIs 15-10

15.4.3 Ownership and evaluation strategy 15-11

15.5 Conclusion 15-12

References 15-12

16 The socioeconomic impact of large scale research
infrastructures: models, methods, and data

16-1

Andrea Bastianin and Massimo Florio

16.1 Introduction 16-1

16.2 Impact multipliers 16-2

16.3 Knowledge function approach 16-3

16.4 Social cost–benefit analysis 16-3

16.5 Multi-methods multiple indicators 16-4

16.6 Theory driven approaches 16-5

16.7 Case studies 16-5

16.8 Discussion and conclusions 16-6

References 16-7

17 Socio-economic impact for the European Spallation Source
(ESS)—a narrative and pathway development approach

17-1

Jason Li-Ying, Erika Susan Dietrichson, Ute Gunsenheimer

and Lenka Unge

17.1 Introduction 17-1

17.2 Socio-economic impact assessment: prior art and ESS
methodology

17-3

17.2.1 Socio-economic impact for RIs 17-3

17.2.2 Making an impact in pursuit of ESS strategic objectives—
building narratives

17-4

Big Science in the 21st Century

xiii



17.2.3 The ESS methodology—indicators, measures, and
complementary surveys

17-9

17.3 Conclusion 17-11

References 17-12

18 Applying a systematic technology competence leveraging
approach in the knowledge transfer of Big Science

18-1

Peter Keinz, Klaus Marhold and Jan Fell

18.1 Introduction 18-1

18.2 Challenges and pathways of technology transfer in Big Science 18-2

18.3 User-community-based technological competence leveraging 18-4

18.3.1 What is technological competence leveraging and how
does it work?

18-4

18.3.2 A user-community-based approach to technological
competence leveraging in Big Science

18-6

18.4 An application of the user-community-based approach to
technological competence leveraging

18-9

18.5 Conclusion 18-11

Acknowledgments 18-12

References 18-12

19 Research infrastructure in the UK: evaluating large-scale
fundamental physics

19-1

Fiona Larner

19.1 Introduction 19-1

19.2 Research infrastructure and Big Science in the UK 19-2

19.2.1 The UK research infrastructure landscape 19-2

19.2.2 The future of UK research infrastructure 19-5

19.2.3 Research infrastructure design 19-6

19.3 Why, how, what, and when to evaluate 19-10

19.3.1 Evaluation purposes 19-12

19.3.2 Evaluation procedure 19-12

19.3.3 Evaluation challenges 19-15

19.3.4 Evaluation evolution 19-17

19.4 The future of evaluation 19-18

References 19-20

Big Science in the 21st Century

xiv



20 Space technology entrepreneurship drives societal and
economic benefits

20-1

Poul Zimmermann Nielsen, Stefan Gustafsson and Sune Nordentoft Lauritsen

20.1 From technology transfer to space solutions 20-2

20.2 What is an ESA BIC start-up? 20-3

20.3 Biggest space business incubation network 20-4

20.4 Unique support package turns ideas into viable businesses 20-6

20.5 Space connections 20-7

20.6 Sectors targeted by the start-ups 20-9

20.7 ESA BIC start-up business cases 20-10

20.8 Optimize fertilization, get healthier plants, and boost yield 20-10

20.9 Better safety and communication at sea 20-11

20.10 Boost security using space technology 20-12

20.11 Mars rover modernizes auto assembly 20-13

20.12 Automate and outsource satellite operation 20-14

20.13 Spot illegal fishing and environmental crimes at sea 20-15

20.14 ESA BIC start-up opportunities in the New Space Era 20-16

References 20-17

Part III Historical perspectives on Big Science
[Editor: Theo Arabatzis]

21 Introduction to part III: Big Science in a historical perspective 21-1
Theodore Arabatzis

22 Origins and developments of Big Science 22-1
Helge Kragh

22.1 What is Big Science? 22-1

22.2 Pre-twentieth-century Big Science 22-2

22.3 Early low-temperature physics 22-5

22.4 The Manhattan Project 22-6

22.5 Aspects of high-energy physics 22-7

22.6 Towards hyperauthorship 22-10

References 22-11

23 Physics enters the factory age 23-1
Robert Seidel

23.1 Origins 23-1

Big Science in the 21st Century

xv



23.1.1 Scaling up 23-2

23.1.2 Venture capital 23-4

23.1.3 War research propagates factory physics 23-6

23.2 Creating the nuclear industry 23-7

23.2.1 The diaspora 23-8

23.3 Cold warriors 23-9

23.4 CERN: an international laboratory 23-10

23.5 Factories of new particles 23-10

23.6 A peace dividend 23-11

23.7 Conclusion 23-12

References 23-14

24 Critiques of Big Science 24-1
Joseph D Martin

24.1 Introduction 24-1

24.2 Making physics remote 24-2

24.3 The critics of monumental physics 24-5

24.4 Contemporary critiques 24-9

24.5 Epilogue 24-11

References 24-12

25 From Big Science to Bigger Science: preparing
for the LHC

25-1

Grigoris Panoutsopoulos and Kostas Gavroglu

25.1 Introduction 25-1

25.2 Conceptualizing the LHC 25-2

25.3 A new Europe and the LHC as a ‘world machine’ 25-9

25.4 Conclusions 25-13

Acknowledgements 25-15

References 25-15

26 Digital fire: the origins and global impacts of the
World Wide Web

26-1

Michael Riordan

26.1 Introduction 26-2

26.2 Weaving the Web at high-energy physics labs, 1989–92 26-2

26.3 Commercializing the web, 1993–95 26-8

Big Science in the 21st Century

xvi



26.4 A world transformed 26-14

Acknowledgments 26-17

References 26-17

27 Big Science and technology in the former Soviet Union 27-1
Paul Josephson

27.1 Bolshevik science policy 27-2

27.2 Stalin and Big Science 27-3

27.3 The Soviet atomic bomb project 27-4

27.4 Khrushchev era reforms and Big Science 27-6

27.5 Soviet Big Engineering 27-7

27.6 Conclusion 27-9

References 27-10

28 Big Astronomy: large telescopes and the dual narrative
of impact

28-1

David Baneke

28.1 Introduction 28-1

28.2 Why Big Astronomy? 28-3

28.3 Sources of instrument culture 28-4

28.3.1 Optical astronomy 28-4

28.3.2 Radio astronomy 28-6

28.3.3 Space 28-8

28.4 Merging instrument cultures 28-10

28.5 Megascience 28-12

28.6 The impact of astronomy: two narratives 28-13

28.7 Research 28-15

28.8 Instruments 28-16

28.9 The dual narrative of impact 28-16

28.10 Conclusion 28-17

References 28-18

29 Big Meteorology and Big Climatology: history and prospects 29-1
James Fleming

29.1 Introduction 29-1

29.2 Antiquity 29-2

29.3 The Renaissance 29-3

Big Science in the 21st Century

xvii



29.4 Bacon and the Scientific Revolution 29-4

29.5 Meteorological instruments 29-5

29.6 Weather observations, maps, and charts 29-6

29.7 Atmospheric dynamics 29-7

29.8 Weather reports and forecasts 29-7

29.9 Atmospheric chemistry 29-8

29.10 Technologies 29-8

29.11 Climate and climatic change 29-9

29.12 Interdisciplinary and international atmospheric science 29-13

29.13 Conclusion 29-13

References 29-14

30 Big Biology 30-1
Niki Vermeulen, Rosalind Attenborough and Rodrigo Liscovsky

30.1 Introduction 30-1

30.2 Collective ways of knowing 30-2

30.3 The growth of biology 30-5

30.4 The societal embedding of Big Biology 30-8

30.5 Rethinking contemporary science through Big Biology 30-10

30.6 Conclusion 30-12

References 30-13

31 Turn and turn again: how Big Science both helped and
hindered alternative energy in the 1970s

31-1

Thomas Turnbull and Cyrus C M Mody

31.1 Synecdoches of Big Science 31-1

31.2 Success at a cost 31-3

31.3 Interdisciplinarity applied 31-4

31.4 Reach for the star 31-7

31.5 Blew it 31-11

31.6 Conclusion 31-14

References 31-16

32 Reflections on the New Big Science: capabilities and challenges 32-1
Robert P Crease

32.1 Big Science background 32-1

32.1.1 Big Science: the condition 32-1

Big Science in the 21st Century

xviii



32.1.2 Big Science: the dynamic 32-2

32.2 Transition 32-3

32.3 New Big Science 32-4

32.3.1 New Big Science: the condition 32-4

32.3.2 New Big Science: the dynamic 32-5

32.4 Challenges 32-6

32.5 Conclusion 32-8

References 32-8

33 Selling and over-selling Big Science in the knowledge society 33-1
Olof Hallonsten

33.1 Introduction 33-1

33.2 Transformed Big Science and the doctrinal shift of research policy 33-3

33.3 Selling and over-selling Big Science: a case in point 33-7

33.4 The sociology of expectations 33-9

33.5 Conclusions 33-14

References 33-15

34 Big Science, scientific cosmopolitanism, and the duty of justice 34-1
Michela Massimi

34.1 The problem with Big Science 34-1

34.2 Scientific progress, societal progress, and science policy 34-4

34.3 Scientific advancements as transnational ‘public goods’? 34-6

34.4 Scientific cosmopolitanism and the duty of justice 34-9

Acknowledgements 34-11

References 34-11

Part IV Big Science in culture and education [Editor: H Cliff]

35 Introduction to part IV—Big Science in culture and education 35-1
Harry Cliff

36 Picturing Big Science on television in the post-war period.
The case of BBC science programmes

36-1

Jean-Baptiste Gouyon

36.1 Introduction 36-1

36.2 History of science TV 36-3

Big Science in the 21st Century

xix



36.3 Between Manhattan and Apollo. Making the case for depoliticised
Big Science

36-4

36.4 CERN: Big Science for peace 36-9

36.5 Conclusion 36-11

References 36-12

37 Bringing Big Science to the Big Screen: lessons from the film
industry

37-1

Oliver James

References 37-12

38 Distracted enchantment and public attitudes to space
exploration

38-1

Simon Stewart

38.1 Public attitudes to space exploration: survey findings 38-2

38.2 Political and economic considerations 38-5

38.3 Distracted enchantment 38-7

38.4 Conclusion 38-11

References 38-12

39 Preserving and displaying Big Science 39-1
Alison Boyle

39.1 Introduction 39-1

39.2 Big Science: advantages and challenges for museum storytelling 39-2

39.3 Preserving Big Science: why? 39-3

39.4 Creating collections: the case of CERN 39-4

39.5 Elements of Big Science: exploring the Large Hadron Collider
at the Science Museum

39-6

39.6 Curating Big Science: lessons 39-9

Acknowledgements 39-9

References 39-10

40 Sublime giant machines—artistic reflections between Big Data
and a new Grand Tour

40-1

Matias del Campo and Sandra Manninger

40.1 A ménage à trois—science, data, and the sublime 40-1

40.2 Scaling the Alps and the quest for data 40-2

40.3 The allure of latent spaces and dark caverns 40-4

References 40-8

Big Science in the 21st Century

xx



41 The art of Big Science 41-1
Ariane Koek

41.1 Physics 41-3

41.2 The creative collider—Arts at CERN, Geneva, Switzerland 41-5

41.3 Biology 41-9

41.3.1 The community builder—Wellcome Sanger Institute,
Cambridge, UK

41-9

41.4 Space 41-12

41.4.1 NASA—the space race 41-12

41.4.2 ESA and ESTEC, Noordwijk, Netherlands 41-13

41.5 Conclusion 41-17

References 41-21

42 A systemic approach to the integration of Big Science
in science education

42-1

Sibel Erduran and Wonyong Park

42.1 Introduction 42-2

42.2 Why Big Science should be addressed in secondary science education 42-3

42.3 Integrating Big Science in school science 42-5

42.4 Conclusions and discussion 42-11

References 42-12

43 Education and public engagement: why the science is Big
for everyone

43-1

Steven Goldfarb

43.1 Introduction 43-1

43.2 Big questions 43-2

43.3 Big collaborations 43-3

43.4 Big impact 43-5

43.5 Big engagement 43-6

43.6 Big reach 43-9

43.6.1 EPOG, EPPOG, and IPPOG 43-9

43.6.2 Particle physics masterclasses 43-10

43.6.3 The global cosmic rays portal 43-11

43.6.4 Public events and cultural festivals 43-12

43.6.5 International competitions 43-13

43.7 Big partners 43-13

43.8 Countering big lies 43-14

Big Science in the 21st Century

xxi



43.9 Big future 43-15

References 43-16

44 Big Science and science education: steps towards an authentic
partnership

44-1

Stephen M Pompea and Pedro Russo

44.1 Introduction 44-1

44.2 Communications: a success story for Big Science 44-3

44.3 Science education: a story with diffident results 44-3

44.4 Why the education mission matters 44-4

44.5 Communications, community engagement, outreach, and
education: differences that makes a difference

44-5

44.6 Considerations in science education 44-8

44.6.1 Short-term efforts are not needed 44-8

44.6.2 Teachers need guides on the side 44-8

44.6.3 Teachers need and want additional professional development 44-8

44.6.4 Polite acceptance doesn’t mean success 44-9

44.6.5 Without local partnerships, little can be done 44-9

44.6.6 Where did the project come from? 44-9

44.6.7 Educational audiences are not all equal 44-9

44.6.8 Some educational projects are hard 44-10

44.6.9 Projects rely on co-creation to meet participant needs 44-10

44.6.10 Elementary schools are the most needy 44-10

44.7 The situation of science education today 44-10

44.8 The business model perspective 44-12

44.9 Adding an ethical perspective 44-12

44.10 Educational stewardship: preserving the educational landscape 44-13

44.11 What research and development organisations can do:
a 3 + 5 proposal

44-14

44.12 Moving from local support to national support 44-15

44.13 Conclusion and summary 44-16

Acknowledgements 44-17

References 44-17

45 From Big Science to open science 45-1
Kamran Naim, Jelena Brankovic, Anne-Gentil Beccot, Sunje Dallmeier-Tiessen,

Micha Moskovic, Pamfilos Fokianos, Alexander Kohls, Antonios Papadopoulos

and Milosz Artur Zielinski

45.1 Introduction 45-1

Big Science in the 21st Century

xxii



45.2 Open access at CERN 45-4

45.2.1 Achieving discipline-wide open access 45-5

45.2.2 CERN open access policy and its impact 45-8

45.2.3 Open access services at CERN 45-10

45.2.4 Open access at scale—lessons learned 45-10

45.3 Open data at CERN 45-11

45.3.1 Open data policies 45-12

45.3.2 Open data services at CERN 45-15

45.3.3 Open data at scale—lessons learned 45-17

45.4 Open software 45-19

45.5 Open hardware 45-20

45.6 International engagement 45-21

45.7 CERN Open Science Policy 45-22

45.8 Conclusion 45-23

References 45-23

Part V Mapping a global outlook on the role of Big Science
organizations [Editors. G Dissertori and P Charitos]

46 Introduction to part V: Mapping a global outlook on the
role of Big Science organizations

46-1

G Dissertori and P Charitos

47 A convergent approach for achieving societal impacts 47-1
Fahmida N Chowdhury, William Sims Bainbridge and Frederick Kronz

47.1 Introduction 47-1

47.2 About the National Science Foundation (NSF) 47-2

47.2.1 Societal impacts via NSF’s broader impacts criterion 47-3

47.2.2 Societal impacts via research collaboration and industrial
engagement

47-6

47.2.3 Evolution of Big Science and convergent approach at NSF 47-8

47.3 Big Science investments at the NSF 47-10

47.3.1 Digital libraries 47-11

47.3.2 From nanotechnology to large-scale convergence 47-13

47.3.3 Three large-scale social science surveys 47-16

47.4 Concluding remarks 47-18

47.5 Disclaimer 47-21

References 47-21

Big Science in the 21st Century

xxiii



48 Big Science and Society in Japan: Kamiokande Series,
policy systems and ILC

48-1

Hiromi M Yokoyama, Yuki Akimoto and Yuko Ikkatai

48.1 Chain of success: Kamiokande series 48-1

48.1.1 Japan’s strategic medium-sized experiment 48-1

48.1.2 Huge accident in the Super-Kamiokande 48-2

48.1.3 Overcoming pollution: Super-Kamiokande with local communities 48-3

48.1.4 The Hyper-Kamiokande budget and U Tokyo bonds 48-4

48.2 Policy system for Big Science in Japan (2010–2021) 48-4

48.2.1 The history of the Master Plan and the Road Map 48-4

48.2.2 Evaluation of item priority awareness 48-6

48.2.3 Master Plan difficulties 48-7

48.2.4 Budget community ‘hype’ in Japan 48-8

48.3 International Linear Collider (ILC) 48-9

48.3.1 Reconstruction plan for recovery from the big tsunami in
Iwate Prefecture and ILC

48-9

48.3.2 History of discussions about ILC construction 48-9

48.3.3 Is the Japanese public aware of the ILC? 48-11

48.3.4 Discussion 48-13

Acknowledgements 48-14

References 48-14

49 Pathways to economic and societal impact of large-sized
facilities in China

49-1

Chen Guang and Ting Wang

49.1 Introduction 49-1

49.2 Analytical framework 49-2

49.3 Data and results 49-4

49.3.1 Scientific benefits 49-4

49.3.2 Economic benefits 49-6

49.3.3 Social benefits 49-9

49.4 Discussion and prospects 49-13

Acknowledgments 49-14

References and further reading 49-14

50 Big Science in ASEAN in the twenty-first century? 50-1
Emmanuel Tsesmelis and Leong-Chuan Kwek

50.1 Introduction 50-1

Big Science in the 21st Century

xxiv



50.2 Basic science or Big Science? 50-2

50.3 Southeast Asia and ASEAN 50-2

50.4 ASEAN science and technology 50-4

50.5 ASEAN and the European Union 50-6

50.6 Areas of strength in ASEAN countries 50-8

50.6.1 Brunei 50-8

50.6.2 Cambodia 50-8

50.6.3 Indonesia 50-8

50.6.4 Lao People’s Democratic Republic 50-9

50.6.5 Malaysia 50-9

50.6.6 Myanmar 50-9

50.6.7 The Philippines 50-9

50.6.8 Singapore 50-10

50.6.9 Thailand 50-10

50.7 ASEAN science and technology: policy and strategy 50-11

50.8 Towards Big Science in ASEAN 50-12

50.9 Concluding remarks 50-12

References 50-13

51 India’s road to HEP 51-1
D K Srivastava and V S Ramamurthy

51.1 Prologue: India and its scientific traditions 51-1

51.2 Science in independent India 51-3

51.2.1 A large ion collider experiment (ALICE) 51-7

51.2.2 The Compact Muon Spectrometer (CMS) experiment 51-8

51.2.3 India–CERN collaboration in building the LHC 51-10

51.2.4 Computing 51-11

51.2.5 Astronomy and astrophysics 51-12

51.3 Spreading its wings 51-14

51.4 Epilogue 51-15

Acknowledgments 51-18

References 51-18

52 LIGO-India in the global Big Science landscape 52-1
Sukanta Bose

52.1 Introduction 52-1

52.1.1 LIGO-India: one of several Big Science projects in India 52-2

Big Science in the 21st Century

xxv



52.2 How does India’s participation help science and technology,
for LIGO and beyond?

52-2

52.3 Human resource development: building the user community 52-6

52.4 The role of charity 52-7

52.5 Multinational collaborations and cultural differences 52-8

52.6 The necessity of education and public outreach 52-9

52.7 Why can’t one wait to start? 52-9

52.8 Conclusion 52-10

Acknowledgments 52-11

References 52-11

53 Big Science in South Africa: a catalyst for human capital
development and mission-driven innovation

53-1

Daniel Adams and Adrian Tiplady

53.1 Introduction 53-2

53.2 South African investment in Big Science: the value proposition model 53-3

53.2.1 Unpacking the national or local value proposition 53-4

53.2.2 Unpacking the global value proposition 53-6

53.3 South Africa’s strategic investments: two case studies 53-7

53.3.1 Local value proposition 53-8

53.3.2 Global value proposition 53-15

53.4 Conclusion and discussion 53-16

References 53-17

54 Recent progress towards an African light source 54-1
Simon Connell, Katharina C Cramer, Edward Mitchell,

Sekazi K Mtingwa and Prosper Ngabonziza

54.1 Introduction 54-2

54.2 A Pan-African vision of science, technology, and innovation—moving
forwards beyond aid

54-3

54.3 African socio-economic and priority drivers for an advanced
light source

54-6

54.4 The growth of advanced light source utilisation by African
researchers

54-10

54.5 The roadmap to conceiving, building, and operating an
African light source

54-13

54.5.1 Building momentum and community 54-13

54.5.2 The Conceptual Design Report 54-15

Big Science in the 21st Century

xxvi



54.6 Conclusions 54-16

References 54-16

55 Latin America–Europe collaboration with HELEN and
EPLANET: 2005–2015

55-1

Luciano Maiani and Veronica Riquer

55.1 International collaboration in science 55-3

55.2 The user community 55-3

55.3 Bringing Latin America to Europe (2005–16 and beyond) 55-3

55.4 HELEN, July 2005–April 2009 55-5

55.5 The organization of HELEN 55-7

55.6 Results 55-9

55.7 EPLANET, February 2011–January 2016 55-9

55.8 Ten years of science diplomacy 55-12

55.9 Summary and future perspectives 55-13

55.10 Conclusions: particle physics beyond the Pillars of Hercules 55-14

Appendix A: List of acronyms 55-15

References 55-15

56 The rise of SESAME: a very personal point of view 56-1
Eliezer Rabinovici

56.1 Science as a bridge for understanding 56-2

56.1.1 Why science? 56-2

56.1.2 Why scientists? 56-3

56.1.3 What kind of projects should one use as bridges? 56-3

56.1.4 What does one need from the human environment in order
to push such a project forward?

56-3

56.2 From the CERN corridors through the Sinai beaches to the
SESAME concept

56-3

56.3 From a name to a real structure 56-7

56.4 Putting together the pieces of the puzzle 56-9

56.5 To be judged by science 56-13

57 Big Science collaborations—lessons for global governance
and leadership

57-1

Mark Robinson

57.1 Global gridlock 57-1

57.2 Big Science communities 57-2

Big Science in the 21st Century

xxvii



57.3 Diplomatic, governance, and leadership mechanisms that have
been used to implement the Beyond Gridlock pathways

57-3

57.3.1 Shifts in major powers’ core interests 57-4

57.3.2 Multiple, diverse organisations and institutions coalesce
around common goals/norms

57-8

57.3.3 Innovative leadership 57-10

57.3.4 Innovative funding 57-13

57.4 Conclusion 57-15

References 57-17

58 From the National Laboratory to international collaborations
(framing Big Science for the age of science diplomacy)

58-1

Simone Turchetti

58.1 Big Science speech 58-3

58.2 First came the national laboratory 58-6

58.3 Good and bad press 58-8

58.4 Big Science studies 58-10

58.5 Big Science enters the age of scientific diplomacy 58-11

58.6 Conclusions 58-14

Acknowledgements 58-16

References 58-16

Big Science in the 21st Century

xxviii



Preface

Last year platoons of scientists discovered exoplanets orbiting distant stars,
successfully launched the James Webb Space Telescope, our latest state-of-the-art
‘window’ into deep space, finished sequencing the human genome, publicly offered
generative AI tools, while accelerated innovation in vaccine technologies and
promising therapeutics for other diseases pushed into new territories. Answering
big questions often requires scientists and institutions to pool resources and data,
whether the research involves detecting gravitational waves in deep space, under-
standing the interactions between elementary particles that are the fundamental
constituents of matter, or investigating the genetics of brain development.

Impressive by any standard, such achievements nonetheless raise questions about
the direction of 21st century science. The 20th century saw the rise of Big Science
with its roots traced back to the First World War. Subsequently, the Second World
War led to the Manhattan Project’s development of the atomic bomb, which is
widely considered to be the dawn of the Big Science era. Following the end of the
war, intensive globalisation led to the foundation of international laboratories such
as CERN in Switzerland, as well as many international collaborations led by
NASA, ESA, ESO, EMBL and other Big Science organisations worldwide. Big
Science projects were often perceived as the key to pushing back the frontiers of
science as well as to a nation’s prestige. Over the past years, Big Science has also
changed phase, becoming not simply larger in scale but even more interdisciplinary
and international. The open questions and mind-bending concepts explored by big
scientific instruments in particle physics and astronomy also serve to draw bright
young minds into science, even if some of them will later work in other areas.
Fundamental science has to make its case not only on the basis of the cultural value
of fundamental knowledge, but also in terms of the socioeconomic benefits that it
brings to society. The impact of Big Science on economic prosperity becomes more
evident if we consider its cumulative contributions to the 21st-century knowledge
economy, which relies heavily on research and innovation. However, Big Science
has also drawn criticism due to its long timelines and consumption of significant
resources, as well as the view that large projects may reduce innovation or lead to
‘group think’.

These tensions, articulated at different levels within the scientific community and
the public sphere, have been transforming the scope and the characteristics of the
Big Science model. Capturing these changes, and how they are manifested in
different areas, is one of the motivations for this volume. The volume is organised in
five parts. The first looks at lessons from Big Science organisations and best practices
in increasing the return of benefits to society. We have strived to include a variety of
Big Science facilities, at different levels of maturity, offering an overview of the
challenges linked to planning, building, and operating these facilities. The second
part presents the view of economists working in relevant fields and includes case
studies that illustrate previous socioeconomic impact assessments for large-scale
research infrastructures, offering new insights into the impact of Big Science

xxix



organisations. The third part takes a historical perspective on Big Science, tracing its
development in the aftermath of the Second World War. The essays, extending over
several thematic and geographical boundaries, discuss the ways and whys that
shaped the evolution of Big Science in different disciplines (e.g., physics, biology and
engineering) and offer valuable insights into the modern debate about the challenges
and merits of Big Science. The fourth part explores the wider cultural and educa-
tional impact of Big Science projects over the past decades. The essays discuss the
potential of Big Science projects to inspire and alter how we look at our world
through different media, from documentaries to Hollywood’s blockbusters, and
from museums to the classroom. The last part of the book offers a broader and more
global perspective, by widening the discussion to cases beyond North America and
Western Europe. The essays in this part examine the different challenges that Big
Science projects face in other parts of the globe, while reminding us of the synergies
and collaborations developed between laboratories and academia at a global scale.

Undeniably, Big Science has transformed the world in which we live and will
continue to do so even if its character is transformed. The different viewpoints in this
book demonstrate the ways in which Big Science has delivered intellectual, cultural
and economic advancement, while reminding us that this path is not always linear.
Furthermore, the blend of historical and contemporary perspectives reminds us that
science is not only about discoveries but is also about the collection, replication and
corroboration of results with new and more powerful instruments. A finding that
seems mundane or trivial may become immensely important years later, when a
parallel discovery contextualises or clarifies its implications, or by adding more
precision that reveals small deviations compared to our present theoretical models.
It’s like exploring an unknown land; we can never know in advance whether over the
next hill lies a new ocean or just another hill.

We would like to thank the authors who kindly accepted our invitation and joined
us in this amazing journey. Balancing different projects and approaches and striving
for an inclusive representation of the many facets of Big Science has been an arduous
task for us as editors. This task was further complicated by the global pandemic, as
many of us faced lockdowns and shared stories about losses and grief. As we went
through different phases of the pandemic certain authors had to withdraw while
delays were introduced. We are also grateful to the Institute of Physics (IOP) team,
who encouraged us from the first moment and steered the production of this volume
smoothly and efficiently. We would also like to thank the external reviewers who
evaluated our original proposal for this book, providing invaluable feedback and
further guidance. We dedicate this work to the memory of Steven Weinberg, who
had kindly supported the work that became this volume. Weinberg, who died in July
2021, was not only a Nobel laureate physicist but also a prolific public intellectual
who greatly supported the development of Big Science.

This volume aspires to offer a comprehensive overview of the different ways in
which Big Science has impacted our society and, consequently, to open new
perspectives on how to evaluate its societal benefits. It offers a glimpse of the
complex realities that characterise the development and present status of Big
Science. A central theme of the volume is that the impact of Big Science should
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be considered beyond its economic benefits to industry and innovation, or the
opportunities that its facilities offer for smaller experiments, but also via its
interaction with society at large, including the training of new scientists and broader
cultural benefits for new generations. We hope that these essays will encourage a
dialogue with other scientific communities and bring new connections between
people working in science and technology studies and economists and historians.
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Part I

Voices from European Big Science
Organizations [Editor: Juliette Forneris]





IOP Publishing

Big Science in the 21st Century
Economic and societal impacts

Panagiotis Charitos, Theodore Arabatzis, Harry Cliff, Günther Dissertori,

Juliette Forneris and Jason Li-Ying

Chapter 1

Introduction to part I: Voices from European
Big Science Organizations

Juliette Forneris

Big Science projects represent the scientific flagships of the twentieth and twenty-first
centuries, created by the combination of intense international research collaboration
and massive investment. Whether located on Earth, in space, or the virtual world,
they symbolize the incredible human endeavours to understand the world around us
and to solve the challenges of our times.

The common traits of Big Science projects are the level of scientific excellence, the
enormous budgets to plan, build, and upgrade facilities sometimes compared to
giant 3D puzzles, the huge amount of scientific, technical, managerial, and
administrative staff, the engineering skills required to make the science happen,
and the complexity of the project management.

There is no consensus, neither in this book nor in the existing literature, about the
terminology used to describe Big Science projects and the organizations behind
them. The terms Big Science projects or facilities, research infrastructures (RI), large
scale research infrastructures (LSRI), and analytical research infrastructures (ARI)
are some of the names that are used, sometimes interchangeably, to describe them.
This is likely because they have their origins in different scientific communities but
also because Big Science is a concept that has undergone evolution and diversifi-
cation from the middle of the twentieth century until now:

1. Scientific domains: The early Big Science facilities had a strong focus on
physics and astronomy. They were for the most part driven by a quest for
advancing our understanding of the Universe. They are still often referred to
as ‘Big Physics’. Towards the end of the twentieth century, a diversification
in scientific domains took place, giving rise to Big Science facilities for the life
sciences, ICT, and social sciences.

2. From fundamental to applied research: Although many currently running Big
Science facilities are still focused on producing beyond state-of-the-art
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fundamental research, more and more facilities have been built for the
purpose of applied research in a broad range of scientific domains. These Big
Science facilities are characterized by a large user community encompassing
both academics and industrial users.

3. From single-sited to distributed and virtual facilities: As an effect of the
increasing size and complexity of Big Science projects, together with
advances in data science, distributed and even virtual Big Science facilities
have emerged.

For the first part of this book we reached out to a range of both mature and newer
European Big Science Organizations (BSOs) to give the reader an overview of the
challenges linked to planning, building, and operating Big Science facilities,
including the ever-growing demand from their stakeholders for documenting the
socio-economic impacts. Several of these BSOs have ongoing collaborations estab-
lished, for example, via EIROforum1, ESFRI2, LENS3, LEAPS4, CERIC-ERIC5, or
bilateral agreements. However, in 2018, the Big Science Business Forum (BSBF2018)
was the first large public event to showcase the existence of a consolidated Big Science
market and to create a stronger collaboration amongst BSOs. Under the leadership of
the Danish Ministry of Higher Education and Science, nine BSOs (CERN, EMBL,
ESA, ESO, ESRF, ESS, European XFEL, F4E, and ILL) joined forces to present
future investments worth billions of euros (BEUR) for the Big Science industry.
During the preparation of the event, the interest for other BSOs to participate grew
and an additional nine BSOs (ALBA, DESY, ELI-NP, ENEA, FAIR, MAX IV,
SCK•CEN–MYRRHA, PSI, and SKA) joined BSBF2018 as affiliated BSOs. During
the three day event, over 1000 participants from more than 500 businesses and
organizations representing 29 countries gathered to listen to over 100 speakers from
these 19 BSOs and discuss how they could do business out of the over 12 BEUR in
future investments presented. The success of this first event led to a pledge for a follow-
up event in 2020, which due to the COVID-19 pandemic, only took place in 2022, in
Granada. The idea of bringing some of these organizations together for part I of this
book ‘Voices from European Big Science Organizations’ is also one of the direct
impacts of BSBF2018.

Part I is structured around four overarching themes:
1. The efforts to assess the socio-economic impacts of Big Science projects are at

the core of the essays from Anelli, Nordberg, and Charitos for CERN,
Mathieu, Laurich, and Willekens for ESA, and Williams and Ferreira for
ESO. Due to the maturity of these three organizations, a large amount of
data is available to identify the long-term impacts measured after years of
operation of their facilities. The conceptual frameworks and methodologies

1 https://www.eiroforum.org/
2 https://www.esfri.eu/
3 https://lens-initiative.org/
4 https://leaps-initiative.eu/
5 https://www.ceric-eric.eu/
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for impact assessment are discussed by the authors specifically for each of their
organizations and Big Science projects. The essays cover a broad range of
benefits from Big Science projects: scientific, technological, strategic, societal,
and economic. Socio-economic impact assessments are increasingly important
to BSOs and their funding bodies in light of future investment needs, but are
complex analyses requiring important efforts and a systematic approach.

2. Developing business cases for new Big Science facilities and measuring short-
term impacts. Not all Big Science projects are currently at the operation
stage. Nevertheless, investigating the shorter-term impacts resulting from the
construction of a Big Science facility before it even starts producing scientific
results illustrates other benefits to society, as argued by Biagioni (Fusion for
Energy (F4E)) in the case of ITER. The question of how to develop business
cases for new Big Science facilities is addressed from different angles by
Womersley for the European Spallation Source (ESS) and by Weeks,
Gliksohn and Schmidli for the Extreme Light Infrastructure (ELI ERIC).
While the science case is still at the heart of the decision-making process to
build a new Big Science facility, key requirements are placed on the funding,
governance, project management, stakeholder engagement, and cost–benefit
analysis.

3. Big Science engaging with industry. Big Science facilities are typically planned
by and built for scientists but much of the engineering work behind the
science is done in collaboration with industrial suppliers (the Big Science
industry). This covers a broad range from unique products based on state-of-
the-art R&D work (e.g. detectors, superconducting cables, and neutron
guides), to the supply of high-tech products (e.g. high-precision mechanical
components, special coatings, and power supplies) to completely off-the-shelf
products. Verhoeven et al explore how industrial liaison officers act as key
intermediaries between BSOs and their industrial suppliers to ensure the best
match between the demand and the supply. In their essay ‘Analytical
research infrastructures and industry engagement: drivers, challenges, and
impact’ Appleby et al explore the complex ecosystems for industry engage-
ment around ARIs focusing on three paths of engagement: industry as a user,
industry as a technology partner, and enterprises and research technology
organizations (RTOs) as intermediaries.

4. Big Science: constantly morphing to adapt to scientific and societal challenges.
In addition to being measured against their socio-economic impacts, BSOs are
also under constant pressure to reinvent themselves to stay at the forefront of
scientific developments. A prime example of this long-term sustainability is
illustrated by Haid and Lehner through the almost 40 years of operation and
three ‘lives’ of the DORIS storage ring at DESY in Hamburg. In their essay
von Bredow et al investigate how the EuropeanMolecular Biology Laboratory
(EMBL) and by extension other BSOs can affect and also respond to changing
societal, scientific, and cultural norms in areas such as bioethics, data privacy,
environment policies, and research integrity.
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Part I, ‘Voices from European Big Science Organizations’, was not conceived to
present an exhaustive catalog of the largest European BSOs. The purpose was
instead to give the reader an idea of the scientific and technological complexity
combined with the socio-economic accountability that comes with investments in
Big Science. We hope that we have succeeded in giving these insights and that this
work will inspire further studies encompassing more ESFRI landmarks and
projects6, and potentially exploring the specificities of the growing number of virtual
infrastructures in the context of the socio-economic impacts.

6 https://roadmap2021.esfri.eu/media/1251/rm21-part-2.pdf
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