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Rolf Widerøe (1943), Tuddal (Telemark) NO: 
colliding clouds inspire colliding beams 
Kernmühle German patent issued 1953
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University of Chicago Annual Register, 1892–1893 4
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Wilhelm Conrad Röntgen (Würzburg, 1895–1896)
5



Henri Becquerel (Paris, 1896)
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J. J. Thomson (Cambridge, 1897)
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Maria Skłodowska-Curie & Pierre Curie (Paris, 1898–1902)
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Max Planck (Berlin, 1900); Quanta

h… blackbody spectrum

COBE-FIRAS (1996)
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Einstein (Bern, 1905) photoelectric effect / Brownian motion
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Jean Perrin (Paris, 1908)
12

https://web.mit.edu/swangroup/footer/perrin_bm.pdf
https://web.mit.edu/swangroup/footer/perrin_bm.pdf
https://web.mit.edu/swangroup/footer/perrin_bm.pdf


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.
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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 13



First superconducting magnet: Pb wire, 600 gauss (< 7.2 K) 
Museum Boerhaave, Leiden
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Hans Geiger, Ernest Marsden, Ernest Rutherford (Manchester, 1908–1913)

α + 𝖠𝗎 → α + 𝖠𝗎

15



16Ar
no

 B
ra

sc
h,

 F
ritz

 L
an

ge
, K

ur
t U

rb
an

: M
on

te
 G

en
er

os
o 

(1
92

7–
19

28
)



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

Gamow
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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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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
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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 sufficiently known so that Abraham
Pais [1952] and Murray Gell-Mann [1953] and Kazuhico Nishijima [1953] could predict

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

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–McMillan) ↪︎ Synchrotrons
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27Berkeley 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)
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Alternating-gradient (strong) focusing

Christofilos (Athens, 1949) 
Courant, Livingston, Snyder (Brookhaven, 1952)
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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 volume under vacuum < Bevatron



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

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

O’Neill (1956) 
25⊗25-GeV pp 

∼1.3 TeV fixed target

33
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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

34
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Superconducting accelerator magnets based on Type-II superconductors

John Hulm Bernd Matthias
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How can accelerators be so small?
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	 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)

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



D0

CDF

Tevatron proton-antiproton collider
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Tevatron Collider Pioneers

Alvin Tollestrup (Magnets) Helen Edwards (Machine) John Peoples (Antiprotons)
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CDF

47



48NYT, January 5, 1993

NYT, April 28, 1987



D0



Diverse searches for new phenomena
Limits on 

supersymmetric particles 
extra spatial dimensions 

signs of new strong dynamics 
leptoquarks 

new gauge bosons 
magnetic monopoles 

…
Tevatron experiments did not find 

what is not there!
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CDF/D0 (1995)
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top quark: 
mass ≈ 173 GeV ≈ 186 u 

lifetime ≈ 0.4 ys
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Abstract
The proton–antiproton Tevatron Collider at Fermilab began physics op-
eration in 1988, and by its shutdown in 2011 it had delivered more than
10 fb−1 of data to the two general-purpose detectors CDF and D0. Thus
far, these experiments have published more than 800 papers studying the
character of the strong nuclear force, measuring the properties of hadrons
containing heavy quarks, elucidating the nature of the electroweak force,
discovering and measuring the properties of the top quark, seeking evidence
for the Higgs boson, and searching for new phenomena beyond the stan-
dard paradigm of particle physics. We summarize the results that define the
physics legacy of the Tevatron program.
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1. INTRODUCTION
The Tevatron was conceived in the early 1970s to double the beam energy of the original Fermilab
Main Ring accelerator to approximately 1 TeV through the first use of superconducting magnets
in an accelerator (1). Beams were commissioned in 1983. The proposal for a pp̄ collider in 1976
(2) provided antiprotons from interactions between Main Ring protons in a heavy-metal target
and antiproton accumulation rings employing stochastic cooling that could supply nearly 1011

antiprotons per hour. The antiprotons would be accelerated and stored in the same Tevatron
magnet ring as the protons and brought into collision at up to six interaction regions. The first
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Tevatron Collider Highlights beyond the Top Quark 
 

CP violation in B mesons 
Mesons with beauty and charm 

Heavy-baryon spectroscopy 
Higgs-boson searches 

Hadron collider makes precision measurements! 
Jets; W, Z, properties; Bs–B̄s oscillation frequency 

Global experimental collaborations
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The Tevatron (1983–) gave us courage to think bigger

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



LHCb

ATLAS
ALICE

CMS

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

55CERN
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CMS
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CMS
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CMS
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ATLAS
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ATLAS
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H(125 GeV) → ZZ* → μ+ μ– μ+ μ– candidate
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July 4, 2012
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Higgs discovery follow-ups 

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

 
Does H have partners? 

How does H interact with itself?  

Does H regulate WW scattering? 

Vacuum-energy problem

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

https://doi.org/10.1103/PhysRevD.79.096002
https://indico.wlab.yale.edu/event/365/attachments/270/485/YalePerspectives2019print.pdf
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“sixth place of the decimal” and beyond …

1

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

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

ATLAS MW (2024): 80.3665 ± 0.0159 GeV

https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf
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Bellegarde

POURQUOI CONDUIRE  
CES ÉTUDES ?
À ce stade de lancement de nos pré-études portant sur 
la possible implantation d’un accélérateur de particules 
souterrain, le CERN a besoin de recueillir et compiler 
des données de natures géographiques, géologiques 
et environnementales.

La réalisation d’un accélérateur souterrain de grande circonférence suppose que 
des conditions géologiques et environnementales soient réunies tout le long du 
tracé de l’installation. Sont-elles présentes dans notre région ? Pour répondre à cette 
interrogation, des relevés sur des terrains ciblés et des études en sous-sol débuteront 
en 2023. Ces travaux seront menés en accord avec les autorités suisses et françaises 
au regard des intérêts locaux.

Future Circular Collider 
∼ 89 km

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

↪︎ “100-TeV” pp for exploration! 67
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A 10-TeV µ+µ– Collider for the Nuclear Mill Centennial?

16.5 km

10 km

https://indico.fnal.gov/event/52701/contributions/231910/attachments/151345/195514/22sitefillerfinal.pdf
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https://bit.ly/GraceSimplicity


Which, if any, of the particles that have so far been 
discovered, is, in fact, elementary, and is there any validity in 
the concept of "elementary" particles?  

What new particles can be made at energies that have not yet 
been reached? Is there some set of building blocks that is still 
more fundamental than the neutron and the proton?  

Is there a law that correctly predicts the existence and 
nature of all the particles, and if so, what is that law?  

Will the characteristics of some of the very short-lived 
particles appear to be different when they are produced at 
such higher velocities that they no longer spend their entire 
lives within the strong influence of the particle from which 
they are produced?  

Do new symmetries appear or old ones disappear for high 
momentum-transfer events?  

What is the connection, if any, of electromagnetism and 
strong interactions?  

Do the laws of electromagnetic radiation, which are now 
known to hold over an enormous range of lengths and 
frequencies, continue to hold in the wavelength domain 
characteristic of the subnuclear particles?  

What is the connection between the weak interaction that is 
associated with the massless neutrino and the strong one 
that acts between neutron and proton?  

Is there some new particle underlying the action of the 
"weak" forces, just as, in the case of the nuclear force, there 
are mesons, and, in the case of the electromagnetic force, 
there are photons? If there is not, why not?  

In more technical terms: Is local field theory valid? A failure 
in locality may imply a failure in our concept of space. What 
are the fields relevant to a correct local field theory? What 
are the form factors of the particles? What exactly is the 
explanation of the electromagnetic mass difference? Do 
"weak" interactions become strong at sufficiently small 
distances? Is the Pomeranchuk theorem true? Do the total 
cross sections become constant at high energy? Will new 
symmetries appear, or old ones disappear, at higher energy? 

From the Fermilab Design Report


