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2Lists from Particle Data Group: Defunct and Recent

Modern e+e− Colliders

SPEAR (SLAC) 
DORIS (DESY) 
PETRA (DESY) 

PEP (SLAC) 
TRISTAN (KEK) 

VEPP-2000 (Novosibirsk) 
VEPP-4M (Novosibirsk) 

BEPC (Beijing) 
BEPC-II (Beijing)

DAΦNE (Frascati) 
CESR (Cornell) 

CESR-C (Cornell) 
LEP (CERN) 
SLC (SLAC) 
KEKB (KEK) 

PEP-II (SLAC) 
Super KEK-B (KEK)

Hadron Colliders

 (CERN) 
Tevatron (Fermilab) 

(SSC) 
RHIC (Brookhaven) 

LHC (CERN)

Spp̄S Collider

e±p Collider

HERA (DESY)

https://pdg.lbl.gov/1996/collidersrpp.ps
https://pdg.lbl.gov/2025/reviews/rpp2024-rev-hep-collider-params.pdf


Rolf Widerøe (1943), Tuddal (Telemark) NO: 
colliding clouds inspire colliding beams 
Kernmühle German patent issued 1953
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https://doi.org/10.1007/978-3-663-05244-9
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https://link.springer.com/content/pdf/10.1007/978-3-663-05244-9_9.pdf


Maria Skłodowska-Curie & Pierre Curie (Paris, 1898–1902)
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Found Beams!



Hans Geiger, Ernest Marsden, Ernest Rutherford (Manchester, 1908–1913)

α + 𝖠𝗎 → α + 𝖠𝗎
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Walton · Rutherford · Cockcroft (Cambridge, 1932)
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p + 7𝖫𝗂 → α + α [𝖤 = 𝟣𝟤𝟧 − 𝟧𝟢𝟢 𝗄𝖾𝖵]

Gamow



Lawrence & Livingston Cyclotron (Berkeley,1931–2)
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LIFE, February 5, 1940

16-MeV deuterons from Lawrence’s 60” cyclotron
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TRIUMF Cyclotron: 18-m diameter, 520 MeV, 1015 p/sec

vacuum chamber 46 cm high
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Cosmic Rays (Hess, 1911–); Disintegration stars (Blau & Wambacher, 1937)

© 1937 Nature Publishing Group
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Louis Leprince-Ringuet  
Bagnères-de-Bigorre (1953) 

« Mais nous devons aller vite, nous 
devons courir sans ralentir notre 

cadence : nous sommes poursuivis 
… nous sommes poursuivis par les 

machines ! »

Eur. Phys. J. H 36, 183–201 (2011)
DOI: 10.1140/epjh/e2011-20014-4 THE EUROPEAN

PHYSICAL JOURNAL H
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Abstract. The cosmic ray conference at Bagnères de Bigorre in July,
1953 organized by Patrick Blackett and Louis Leprince-Ringuet was a
seminal one. It marked the beginning of sub atomic physics and its shift
from cosmic ray research to research at the new high energy accelera-
tors. The knowledge of the heavy unstable particles found in the cosmic
rays was essentially correct in fact and interpretation and defined the
experiments that needed to be carried out with the new accelerators.
A large fraction of the physicists who had been using cosmic rays for
their research moved to the accelerators. This conference can be placed
in importance in the same category as two other famous conferences,
the Solvay congress of 1927 and the Shelter Island Conference of 1948.

1 Introduction

In January 2010 the Large Hadron Collider (LHC) at CERN began to produce proton-
proton collisions at a center of mass energy of 7 TeV. This machine is the most
complex and most costly of a long series of accelerators. Results of these accelerators
have led to a detailed understanding of how the subatomic world works. However
fundamental questions remain and it is hoped that the LHC when it achieves its full
energy (14 TeV) and intensity will answer some of these fundamental questions. The
accelerators have been the mainstay of subatomic physics (or high energy physics
or elementary particle physics) since 1953 when the 3 GeV Brookhaven Cosmotron
began artificially producing the heavy unstable particles found in the cosmic rays. In
July, 1953, a conference was held in the French Pyrenees town of Bagnères de Bigorre
which was devoted entirely to the production and decay properties of the cosmic ray
discoveries. With perhaps one exception, concerning the production of Λ hyperons, all
the conclusions concerning the unstable particles were correct. The cosmic ray results
defined the early experiments to be carried out at the accelerators. The properties of
the production and decay of these particles were su!ciently known so that Abraham
Pais [1952] and Murray Gell-Mann [1953] and Kazuhico Nishijima [1953] could predict

a e-mail: jwc@hep.uchicago.edu

Positron, muon, pion, strange particles, …

https://ui.adsabs.harvard.edu/search/p_=0&q=bibstem:%22ICRC%22%20year:1953&sort=date%20desc,%20bibcode%20desc
https://doi.org/10.1140/epjh/e2011-20014-4
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Brookhaven Cosmotron, 3+ GeV (1952–4)

Phase stability (Veksler (1944)–McMillan (1945)) ↪︎ Synchrotrons

https://journals.aps.org/pr/pdf/10.1103/PhysRev.69.244
https://doi.org/10.1103/PhysRev.68.143
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16Berkeley Bevatron, 6.2 GeV (1954)



Fermi’s Dream Machine (1954): 5000-TeV p ∼ Ecm = 3 TeV

2-tesla magnets at radius ≈ 8000 km Projected operation 1994 
cost $170 Billion 

1954 inflation rate 0.75%
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Why must accelerators be so large?

𝗋𝖺𝖽𝗂𝗎𝗌 ≈
𝟣𝟢 𝗄𝗆

𝟥
⋅ ( 𝖤𝗇𝖾𝗋𝗀𝗒

𝟣 𝖳𝖾𝖵 )/( 𝖬𝖺𝗀𝗇𝖾𝗍𝗂𝖼 𝖥𝗂𝖾𝗅𝖽
𝟣 𝗍𝖾𝗌𝗅𝖺 )

+ aperture to contain unruly beam
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Bevatron Magnet Frame (1950)



≈

Alternating-gradient (strong) focusing

Christofilos (Athens, 1949) 
Courant, Livingston, Snyder (Brookhaven, 1952)
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https://patentimages.storage.googleapis.com/fa/bb/52/0ce28e28b492a6/US2736799.pdf
https://doi.org/10.1103/PhysRev.88.1190
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Impact of alternating-gradient (strong) focusing

Synchrotron (circumference, E) Beam Tube Magnet Size

Cosmotron (230 ft, 3 GeV) 9 in x 3 ft 8 ft x 8 ft

Bevatron (400 ft, 6.2 GeV) 1 ft × 4 ft 9-1/2 ft × 20-1/2 ft

Brookhaven AGS (0.5 mi, 30 GeV) 2.7 in × 6 in 33 in × 39 in

Fermilab Main Ring (2π km, 400 GeV) 2 in × 4 in 14 in × 25 in

Fermilab Tevatron (≈ 1 TeV) 70 mm 4.3 T (SC, 4.2 K)

CERN LHC (27 km, → 7 TeV) 56 mm 8.3 T (SC, 1.3 K)

Main Ring’s volume under vacuum < Bevatron’s



Particle Storage Rings 
A new method of achie{)ing particle interactions exploits the fact 

that the head-on collision of two mo{)ing objects releases greater 

energy than if one of the mo{)ing objects hits a stationary target 

During the past 18 months a new 
method of carrying out experi­
ments in high-energy physics 

has achieved its first successes. The 
method was a subject of interest and 
controversy in the years after it was 
first put forward, and even now the 

by Gerard K. O'Neill 

prospects for its future development are 
bright in general but uncertain in detail. 
It consists of inducing subatomic pmti­
cles to collide with each other head on, 
in contrast to conventional high-energy 
experiments in which accelerated par­
ticles collide with particles that are at 

rest. Since it is very difficult to arrange 
for particles in two beams to collide, the 
rewards must be high enough to justify 
the effort. The rewards are in terms of 
energy. 

When two objects collide-two auto­
mobiles, two billiard balls, two protons 

PRINCETON·STANFORD STORAGE RINGS contain circulating 
beams of electrons that collide where the two rings join at the top 
center of the picture. Spark chambers located next to this region 

record the tracks of charged particles created by the collisions. The 
pipes in the foreground carry electrons injected into tbe rings from 
a nearby linear accelerator of one billion electron volts (one Ge V). 

107 

Carl Barber, Bernard Gittelman, G. K. O’Neill, Burton Richter: CBX
300-MeV electrons in collision ⇒ 350 GeV fixed-target

NY Times, March 11, 1965: “Atom-Smasher Test Shows Way to Save on Energy”

O’Neill (1956) 
25⊗25-GeV pp 

∼1.3 TeV fixed target

22

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.16.1127
https://doi.org/10.1103/PhysRev.102.590
https://doi.org/10.1007/BF02733192
https://inspirehep.net/files/97bd73843e156e9e63edac854ecf7a5b
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First  Collisions: AdA 
Anello di Accumulazione, Frascati 

↪︎ ACO, Orsay

e+e−

Bruno Touschek and AdA SND, VEPP-2000 Collider (Novosibirsk, 2021)

https://arxiv.org/pdf/1805.09434
https://arxiv.org/pdf/1805.09434
https://link.springer.com/article/10.1007/JHEP01(2021)113
https://link.springer.com/article/10.1007/JHEP01(2021)113


CERN Intersecting Storage Rings (1971)—Kjell Johnsen: 
“the finest instrument one can imagine for research in accelerator physics”

0.3π km circumference 
two independent rings 

1.33-T dipoles 
pp @ Ecm → 62 GeV 
∼ 2 TeV fixed-target 
millions events/sec 
also stored d, α, p̄

Underinstrumented! 
discovered rising σt 

CERN–Rome, 
Pisa–Stony Brook 

hints of qq scattering 
Missed J/ψ, Υ 

A learning experience

24



On 10 July 1908, Heike Kamerlingh Onnes 
(1853-1926) liquified helium for the 
first time, briefly rendering his Dutch 
laboratory ‘the coldest spot on earth’. 
This paper tells the story of Leiden Uni-
versity’s famed cryogenics laboratory 
and the man behind it, whose scientific 
accomplishments earned him the No-
bel Prize in Physics in 1913. The central 
question is how Kamerlingh Onnes 
was able to succeed so brilliantly in 
developing his cryogenics laboratory 
– undoubtedly an exceptional feat in 
terms of its scale and its almost in-
dustrial approach at the turn of the 
century. Key factors in his success were 
Kamerlingh Onnes’s organisational 
talent, his personality and his inter-
national orientation. The liquefaction 
of helium opened up unexplored ter-
ritories of extreme cold and cleared the 
path for the eventual discovery of su-
perconductivity on 8 April 1911.

Heike Kamerlingh Onnes was born in 
the city of Groningen in 1853 [1]. His 
father owned a tile factory in a small 
village, a two hour drive on horseback. 
Heike studied at the University of Gro-
ningen. At the age of 17 he started stud-
ying chemistry, his favourite topic at 
high school. After passing his propae-
deutic exam he moved to Heidelberg, 
then famous for its international aca-
demic environment, for a Wanderjahr 
(year of travel). Why Heidelberg? Be-
cause of Robert Bunsen, in those days 
the most famous chemist in Europe. 
In his first semester, Heike enjoyed the 
chemistry lab very much. But when the 
time came to start some own research, 
Bunsen’s conservatism and aversion 
to mathematics got Heike to switch to 
the physics department, led by Gustav 
Kirchhoff. Important for Heike was 
that Kirchhoff was a modern physicist, 
in the sense that he propagated the 

fruitful exchange between theory and 
experiment.

MISSION

When Kamerlingh Onnes started as 
a professor in experimental physics 
in Leiden in 1882, he immediately de-
cided to transform the building into a 
research laboratory. Why this consid-
erable effort? Because of his scientific 
mission: to test the molecular laws of 
Johannes Diderik van der Waals and in 
doing so to give international prestige 
to Dutch physics. Van der Waals had 
published his thesis on the continuity 
of the liquid and gas phase in 1873, a 
milestone in molecular physics – notice 
that molecules were not yet generally 
accepted in those days [2]. As a student 
in Groningen, Kamerlingh Onnes had 
been attracted to Van der Waals’ results 
and to the kinetic theory of Clausius, 
Maxwell and Boltzmann.

1 0 0  y e a r s  o f  s u p e r c o n d i c t i v i t y      0504      1 0 0  y e a r s  o f  s u p e r c o n d i c t i v i t y

HEIKE
KAMERLINGH
ONNES
AND THE ROAD TO
LIQUID HELIUM

Dirk van Delft | MUSEUM BOERHAAVE, LEIDEN UNIVERSITY

In 1908, Heike Kamerlingh Onnes first liquefied helium in a cryogenic
laboratory whose excellence and scale were unparalleled. Creating, staffing 
and running the Leiden laboaratory required more than just scientific skill.

Gerrit-Jan Flim (left) and Heike Kamerlingh Onnes at the 
helium liquefactor, ca. 1920 (Leiden Institute of Physics).

Heike Kamerlingh Onnes (Leiden, 1908) 
Door meten tot weten 25



First superconducting magnet: Pb wire, 600 gauss (< 7.2 K) 
Museum Boerhaave, Leiden

26
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Superconducting accelerator magnets based on Type-II superconductors
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How can accelerators be so small?



29

	 Development of large-scale cryogenic 	technology,  
to maintain many km of magnets at a few kelvins.	  

	  
	 Active optics to achieve real-time corrections of orbits 

enables reliable, highly tuned accelerators with small-aperture magnets. 
Also “cooling,” or phase-space compaction, of stored (anti)protons.    

Evolution of vacuum technology. 
	 Beams stored 	for approximately 20 hours  travel   

∼ 2 × 1010  km, about 150 times the Earth–Sun distance, 
without 	encountering a stray air molecule. LHC: 10–13 atm. 

Improvements in accelerating gradient 
through efficient (superconducting) RF cavities
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Simon van der Meer, Carlo Rubbia: Spp̄S Collider (1981); “active optics”

G. I. Budker, A. N. Skrinsky (Novosibirsk, 1970s)
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UA1: Z0 → e+e–



D0

CDF

Tevatron superconducting proton-antiproton collider

32



33



CDF

34



CDF/D0 (1995)
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top quark: 
mass ≈ 173 GeV ≈ 186 u 

lifetime ≈ 0.4 ys
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The Tevatron (1983–) showed SC magnets in reach

Thought experiment (1977) considering WW scattering had revealed

energy scale to discover the mechanism  
of electroweak symmetry breaking 

( 8π 2
𝟥𝖦𝖥 )

1/2

≈ 𝟣 𝖳𝖾𝖵

HERA e±p Collider



LHCb

ATLAS
ALICE

CMS

LEP → Large Hadron Collider 
pp, Ecm = 1 TRy = 13.6 TeV

37CERN
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8.3 tesla dipole field 
≈ 105 Earth’s field
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H(125 GeV) → ZZ* → μ+ μ– μ+ μ– candidate
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https://www.koppenburg.ch/particles.html
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Higgs discovery follow-ups 

Refine Higgs-boson properties: (HL)-LHC, “Higgs Factory” 
e+e– → H + Z 

 
Is H source of all quark, charged-lepton masses? Neutrino masses? 

 
Does H have partners? 

How does H interact with itself?  

Does H fully regulate WW scattering? 

Vacuum-energy problem: 10–3 M⊙ in each of us???

→ Gedanken Worlds without Higgs→ Perspectives & (120+) Questions

https://doi.org/10.1103/PhysRevD.79.096002
https://doi.org/10.5281/zenodo.13285473


42

“sixth place of the decimal” and beyond …

1

ATLAS MW (2024): 80.3665 ± 0.0159 GeV

<latexit sha1_base64="4v3uBU9Dfqt2Kki9s72XWf4Y+4g="></latexit>

CMS (2024): a⌧ = 0.0009+0.0032
�0.0031

(g − 2)μ

https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf
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Next steps for accelerators and colliders: 
more interactions, higher energy, better control 

Improved techniques to accelerate 
and manipulate standard particles 

Novel acceleration schemes 

Accelerate novel particle species, combinations 
e±p · heavy ions · rare isotopes · β-emitters/EC · μ 



Future Circular Collider 
∼ 89 km

High-luminosity e+e–, up to tt̄ threshold

↪︎ “100-TeV” pp for exploration 44
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e+e− Linear Collider
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A 10-TeV µ+µ– Collider for the Nuclear Mill Centennial?

16.5 km

10 kmand/or ν Factory?

μ+ → e+νeν̄μ

https://indico.fnal.gov/event/52701/contributions/231910/attachments/151345/195514/22sitefillerfinal.pdf
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Applications beyond our research agenda
>30,000 accelerators worldwide

few hundred for research 
industrial processes, 

medical imaging, isotopes, hadron therapy, … 
food irradiation, cross-linking polymers, …  


