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XVIIl. THE DEPARTMENT OF PHYSICS.

OFFICERS OF INSTRUCTION,

ALBERT A. MICHELSON, Pu.D., Head Professor of Physics.
SAMUEL W. STRATTON, S8.B., Assistant Professor of Physics.
GLEN M. HOBBS, 8.B., Assistant in Laboratory.

INTRODUCTION,

Within the last twenty years the teaching and practice of Physics, have undergone a revolution more com-
plete than in any of ita sister sciences. This result may be attributed, to a very great extent, to the enormous
development of ite applications to electrical industries. No other industrial application since the invention of
the steam-engine has so enhanced the appreciation of the importance of exact knowledge, or given a greater
impetus to the search for new truths in the unexplored regions on the borderland of science.

So closely interwoven are the advances in pure science and ite applications that it is difficult to say which
has been of greater service to the other, but it is evident that it is as ill-advised to ignore the powerful stimulus
furnished by the practical development of scientific ideas, as it is to belittle the influence which theoretical and
experimental science have had on the world’s material prosperity.

While it is never safe to affirm that the future of Physical Science has no marvels in store even more aston-
ishing than those of the past, it seems probable that most of the grand underlying principles have been firmly
established and that further advances are to be sought chiefly in the rigorous application of these principles to
all the phenomena which come under our notice.

It is here that the science of measurement shows its importance—where quantitative results are more to be
degired than qualitative work. An eminent physicist has remarked that the future truths of Physical Science
are {0 be looked for in the sixth place of decimals.

University of Chicago Annual Register, 1892—1893


https://www.google.com/books/edition/_/l3_OAAAAMAAJ?hl=en&gbpv=0

Wilhelm Conrad Réntgen (Wurzburg, 1895—-1896)



RADIOACTIVITY, NEW PROPERTY OF MATTER
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Maria Sktodowska-Curie & Pierre Curie (Paris, 1898-1902)



N... blackbody spectrum

COBE-FIRAS (1996)

Intensity, 10-4 ergs / cm? sr sec cm-1

Waves / centimeter

Max Planck (Berlin, 1900); Quanta
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ALBERT EINSTEIN

SCIENTIST

Semn, 1905) photoelectric effect /

Srownian motion
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Jean Perrin (Paris, 1908)
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First superconducting magnet: Pb wire, 600 gauss (< 7.2 K)
Museum Boerhaave, Leiden
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Monte Generoso (1927-1928)
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Cable, Strung between Mountains, Acts

Dr. Kesrt Urban, mest shocked
mas in the woeld, an roof of Mt
Cexeroso lightaizgpooct cabin

T THE f)\’tl: of their Bves here
yvoung GCermans have just sucocedod 0
;‘fr.mm; eCInC Currents of R OO0 000
volts from the skies during a violent dis-
]'l.'\}' of lightr ing Un 1he L09es o ML
Generoso i Switzerland they duplicated
Benjamin Franklin's famous expen
of catching atmospheric electricity with a
kite and key, on a scale which that peonces
never dreamed of
From the side of Generoso's booy-radged
slope. they stretched, 25 an aenial 2 metal.
lic cable across a chasm to a neighborag
pcak. Threaded through covlinders of
galvanized metal, this antenna resembled
a sinng of beads fer 2 gantess, 1ts knobs

were d(\zgx.rl,! 10 keep the cerrents froe
leapdng from the ends. Instead, an excape

uas p.’u\ﬁ!«‘u’ S L ..-.'_v'.;\‘-}n'_r ",-_r'; R33,
from which the electricity could be carried
to a hightning-proof cabin sheathed with
metal bencath the brow of the mountam
Here were meters and other instraments
10 gare the force of the clectnoty

NE tf.x.\ not Jong 220 the darnne three

Des. A, Brasch, F. Lange, and Kunt
Urban, of the University of Berlin, saw 2
storm of unusual intensity beewing,. T
‘k) became Patg h dark Peals of thunder
burried the sciemtists as they threw
swilches and tested mstruments. Then

with 2 rush of wind up the valley tha

T ’ ) ) ’ . "
\‘ > l £y L5OW : < 3 High-v Afe cumtents, inawing ne bends,
4 ' " ) :

.::l’x;u,". .\'A(;nt away the aenal the fury of X 28 3 LY Eiiicy MR 2 o sirange thisgs Mete i 0 v that ©»
the storm broke n-made awchane has been 2 to pro PAg Deiwesn twe Agh-henniee Wi
Tongues of electric flame played about ooe, their dream 1o appiy the an
the rocks of the mounstain™s face near th fosces 1o am ratus ke an N-ray tube forces volis—by a con-
summiat. Filled with metalhc ore. 11 was nd ¢ what w hagren Ihe ordmar siderable marmn the most powerful ever
a patural lightning rod. Great yellow glass X-rav tobe would have to be hailf ; i’
sparks snapped every second across the tie loog. an wmpossible comstructional he rays from this tube far exceed in
spark gap, The pointers of the vollmeters fead, 10 wilstang sexh elecineal pressure wower thase of all the radium in the world
within the calin were doing a2 duwe. Bot the experimentors have alecady bailt They casily penetrate a wall of lead a yard
There came a brief lull ominous = s 2 stzange tube, Jess than 3 dosen fee heck, an impassable barnier 1o all ordinary
calm, long, of alternate rings of aleminum rul Neorays. Next the experimenters plan to
Suddenly a ternific thunderclap scemed  ber, and paper, th - od electn id a2 7.000000.volt tube of sumalar
26 POPULAR SCIENCE MONTHLY

as Antenna to Gather up Lightning

design,  Only lightning can run it, for the
greatest electrical tension ever produced

in a laboratory is 5,000,000 volts

How can such staggering forces be pul

to use? No onc knows exactly, yeq,

But there are several long-awasted
tests for which the power of light-

ning may be tried

One of these is the dream of

alchemists of old—the ““trans-

mutation of elements,” such as 4 \
tuming base metals into gold,

In recemt years science has

conceded that metals and

other substances once held
unchangeable can actually
be transformed into entire-
ly dificreat ones under
certain circumstances, re-
quiring tremendous forces
S0 far the oaly proved
cases of transmutation
have been done with the
mysierious power of radi
umn,; thus, mnute quantitics

of aluminum, phosphorus,

and other things have been

.

This 558 0cot mann-made are was drawn ot

in Westinghsuse laborarory

SEPTEMBER, 1931

"

recent tesn.

Thris is not lightnisg, bat a discharge of
laborsteory electriciny Jeaping frem insuls.
1es. It shows wiy extrascdinnry apparatus
is required i» harmessing 15000000 velts

turned into hydregen, Perhaps lightning’s

power may permit more useiul teansfor-
mations of other elements, when harnessed
in a vacuum tube.

Then there is the question of unlocking
the power of the atom. Some scientists
hold that the encrgy contained in a single
spoonful of water, for example, 15 suffi-
clent to drive a modermn steamship across
the occan, But this energy, if it does exist,
is 50 securely locked up that no way has
yet been found to release 1t,  Showld
lightning's force break an entrance Mo
this stronghold of power, the world might
sec 2 new era of industrial greatness based
upon free atomic energy

ASTLY, the rays from an electrnic tube

< gperated by lightning’s power may
well have the most peofound effect upon
human beings. Whether beneficial or not,
it is too early to say, Perhaps the auda.
cious expenimenters will find a2 curative
ray more effective agamst cancer than any

Hete s part of the appara-
tus that was wsed in the
Mt Gentroso tests. This
srange nctwork was  des
sigeed 19 canty the eaarmous
voltage 1 the labormory
where the scientists walted
in danger of issnant death

instrument hitherto known
to science. On the other
haad it may be a “death ray.”
Such fascinating possibilitics
spur man's advance in  his

attempt to hamess stupendous
electric forces. Only a few vears
ago the pinnacle of these efforts
was a crackling spark of 3,600000
volts produced at the General Electric
Company’s laboratory in Pittsficld, Mass
Then experts at the Camegie Institution
i Washington, D, C., built a3 mighty
machine that could command $5,000000
volts.  Meanwhile the German experi-
menters had already installed a prelimi-
nary apparatus on Mt, Generoso, a peak
famed for the frequency and violence of
its electiric storms. and were drawing Lwo-
million-volt sparks (P. S. M., Jan, 29, p
23). A higher, rebuilt antenna made their
recent feat possible. One of the expen-
menters, Dr. Urban, has acquiced the so-
briquet of “most shocked man in the
world” from being knocked unconscious
by sky currents

I' MUST be understood that thei

antenna is not directly struck by light-
ning, for if ® were, despite an electrical
safety valve” they have provided, they
would probably all be killed, The aerial
takes current from the clouds in two ways,
Elecinaty in the air itsell feaks down the
cables in steady sparks. But the greatest
voltages are obtained when a lightaing
bolt passes close to the aerial and a svin-
pathetic surge of electricity is induced in
the wire. In this way they have now
captured 15000000 velts, and even
greater voltages, up to thirty mallion, are
in sight!
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https://www.fnal.gov/pub/today/archive/archive_2012/today12-08-21.html

Lawrence & Livingston Cyclotron |

Serkeley, 1931-2)
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16-MeV deuterons from Lawrence's 60" cyclotron
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zyrnest Cadman Colwell

E. G. Grace, chairman of Bethlehem Steel, reads letter (reproduced abo i

Bethlehem’s part in building the cyclotron for the University of Chicagc‘:e) iil;?otv;led.gl}?g

A. B. Homer, president of Bethlehem Steel; E. C. Colwell, president of the Universit f‘l%wt,
Grace; and Dr. S. K. Allison, Director of Nuclear Studies at Chicago Al

Shaping the ingot on 7500-ton press forge. Machining a member of the magnet yoke

Magnets for

BIG ATOM-SMASHERS
TO DELVE
INTO SECRETS OF
NUCLEAR STRUCTURE

3\ wo of the nation’s chief scien-
tific and educational institu-
tions, Columbia University

and the University of Chicago,
both actively engaged in nuclear re-
search, are now constructing labo-
ratories to be used exclusively for
such studies. They will have the
most powerful cyclotrons, popular-
ly known as atom-smashers, which
the world has ever seen. The steel
for the 2500-ton magnets for both
of these cyclotrons was produce(l at
the Bethlehem plant.

Recent studies of the structure¢
of matter have revealed that enor-
mous forces are locked up in the
atoms, or rather the nuclei- thf?
small units from which matter 1S
supposedly built up. These forces,
so dramatically demonstrated to 2
startled world at Hiroshima .and
Nagasaki, will, when directed 1nt0
peacetime channels, become a real
boon to mankind.

Pole pieces are also intricately shaped.

Due to the magnitude of the
forces involved, the equipment
used in their release must of neces-
sity be massive.

The cyclotrons at the Columbia
University and the University of
Chicago laboratories are designed to
fire protons, which are the bullets
used in breaking up the nuclei, at
the unprecedented energy of
400,000,000 electron velts, to give
the protons a speed of over 150,000
miles per second, very close to that
of light.

The central part of each of these
giant cyclotrons, or synchro-cyclo-
trons as they are also called, is a
huge electro-magnet which weighs
about 2500 tons. In fact, each
magnet is so big that it was neces-
sary to erect it on the site and then
build the laboratory around it.
The Columbia magnet, for in-
stance, consists of a rectangular
yoke assembly, 33 ft. long, 21 ft.
high, and 14 ft. wide, shaped as a
window with an opening 2215 ft. x
1015 ft. in which the magnet pole
pieces are placed. The University
of Chicago magnet i1s a similar
structure.

Bethlehem’s contribution to this

branch of science in the production
of the steel for these magnets was
made possible because of the excep-
tional facilities available at the
Bethlehem, Pa., plant and the ac-
cumulated experience and skill dat-
ing back to the very beginning of
the company. These huge magnets
cannot be made in one piece, but
must be assembled from a number

of large sections bolted together to

Giant Cyclotrons Made by Bethlehem

form the yoke and the poles. In the
Columbia magnet this assembly is
made up of 38 pieces, the largest of
which weighs 60 tons. The Chicago
unit consists of 28 pieces, the largest
of which weighs over 80 tons. Both
have a diameter of 170 inches.
The magnet members were
shaped from ingots weighing as
much as 465,000 pounds, among

the largest ever made.

465,000-1b. ingot for the University of Chicago cyclotron.

The Chicago cyclotron during erection.

170-inch diameter pole pieces in place.

—

CCM @ FNAL



https://www.symmetrymagazine.org/article/december-2006/many-lives-fermis-magnet
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Eur. Phys. J. H 36, 183-201 (2011)
DOT: 10.1140/epjh/e2011-20014-4 THE EUROPEAN
PHYSICAL JOURNAL H

The 1953 Cosmic Ray Conference at Bagneres
de Bigorre: the Birth of Sub Atomic Physics

J.W. Cronin®

Department of Astronomy and Astrophysics, Enrico Fermi Institute, University of Chicago, W S & % B
5640 South Ellis Ave., Chicago, IL 60637, USA "%3? B Ry "\ ?’
KA P '. \

Received 2 March 2011 ' ' '
Db online 29 August 2011 ouis Leprince-Ringuet
(© EDP Sciences, Springer-Verlag 2011 S .
| o Bagneres-de-Bigorre (1953)
Abstract. The cosmic ray conference at Bagneres de Bigorre in July,
1953 ized by Patrick Blackett and Louis Leprince-Ri t - :
semin(;lig::llel.zit mgrkeadrtlfle begicnrelinga(r)lf su{))lz’csomeigr;?l;esicslr;izeitsvisalfif? « Mal S nOUS deVOnS al Ier Vlte : nOUS

from cosmic ray research to research at the new high energy accelera-
tors. The knowledge of the heavy unstable particles found in the cosmic d - | t' -

rays was essentially correct in fact and interpretation and defined the eVOnS COUHr Sans ra en Ir nO ;re
experiments that needed to be carried out with the new accelerators.

A large fraction of the physicists who had been using cosmic rays for ® adence " NOUS SOMmMmes pOurS | ) V|S

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. - NOUS sommes DOUI’SU IVIS par eS
machines ! »
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Synchrotrons

Srookhaven Cosmotron, 3+ GeV (1952-4)
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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 O.75%
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Why must accelerators be so large”?
| 10 km ( Energy ) / ( Magnetic Field)
radius ~ :
3 1 TeV | tesla

+ aperture to contain unruly beam

29



o
oN




Alternating-gradient (strong) focusing

Chris

Courant, Livings

fllos (Athens, 194
N, Snyder (Brook

©

naven, 1952)
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Impact of alternating-gradient (strong) focusing

Synchrotron (circumference, £) Seam [ube NMagnet Size
Cosmotron (230 ft, 3 GeV) 9Qin x 3 ft STtx8Tft
Sevatron (400 ft, 6.2 GeV) 1 ft x 4 ft O-1/2 ft x 20-1/2 ft

Srooknhaven AGS (0.5 mi, 30 GeV) 2.7 1N x06in 331N x 39 in

ermilab Main Ring (21 km, 400 GeV) 21N x4in 141N x 251N
-ermilab Tevatron (= 1 TeV) /0 mm 4.3 T (5C, 4.2 K
CERN LHC (27 km, = 7 TeV) 56 mMm 8.3 T (SC, 1.3K)

Main Ring volume under vacuum < Bevatron

32



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

Attainment of Very High Energy by Means
of Intersecting Beams of Particles

" . b -. : ! p 0
I L o rm . , . . : » ' ; - ) S "
D. W. Kerst,* F. T. Core,f H. R. CraANE,} L. W. JonEs,f L. J. y IR, . ' . T ' ¢ . |
LASLETT,§ T. Okawa,|| A. M. SessrLER,Y K. R. Symon, ** . - ' H ' :
K. M. TErRWILLIGER,f AND Nirs Voct NiLsENtTt

Midwestern Universities Research Association,}i University
of Illinois, Champaign, Illinois

(Recelved January 23, 1956)

-
-
:
.

O'Neill (1956)
25025-GeV pp
~1.3 TeV fixed target

-

Carl Barber, Bemard Gittelman, G. K. O'Nelll, Burton Richter: CBX
300-MeV electrons in collision = 350 GeV fixed-target
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.16.1127

“the finest instrument one can imagine for

O.311T Km circu

CERN Intersecting Storage Rings (1971)—Kjell Johnsen:

mrierence

two Indepenc

ent rngs

1.33-1 dipoles

o @ Ecm —

62 GeV

~ 2 leV fixed-target
MillioNs events/sec

AlSO stored

d, a, O

L

C

esearch in accelerator physics”

nderinstrumented!
iscovered rising Ot

hints of qg scattering

Missed J/P, Y

A leaming experience
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Superconducting accelerator magnets based on Type-Il superconductors

2000
HL-LHC Nbasn strand

“/\

£ 1600

E o

b 2017 Bi-2212 strand
« 1200 '

N

< i :
ot ’ Py =

© 8004 ¢ LHC WO 2015 Bi-2212 strand
B O\%b-Ti strand

7\

Ran* SN
‘A‘ 2005 Bi-2212 strand

M
ZA

§§

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32
B (T)

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 oroits

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 x 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

38



Simon van der Meer, Carlo Rubbia: SppS Collider (1981

P 26 —= 270Gev/c

SUPER PROTON N T 26 — 270Gevic
SYNCHROTRON

SPS

v p 26Gev/c

P Accumulator . 0 —e-20Gev/c

o~ 35€ch [ ProTon

Syp SYNCHROTRON

P 3, ; waa k os 47 3,5 26Gev

Target e Y

3879

FEBBRAIO 1985 - N. 149 - L. 5000

ENGLISH - GERMAN TEXTS
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G. I. Budker, A. N. Skrinsky (Novosibirsk, 1970s
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Tevatron Collider Pioneers

1

Alvin Tollestrup (Magnets

Helen Edwards (Machine John Peoples (Antiprotons
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315 Physicists
Report Failure
In Search for
Supersymmetry

—————————— . — - ———————————— e —
- ——e——

The negative result illustrates
the risks of Big Science, and its
often sparse pickings.

By MALCOLM W. BROWNE

HREE HUNDRED AND FIFTEEN physicists
worked on the experiment.

Their apparatus included the Tevatron, the

world’'s most powerful particle accelerator, as
well as a $65 million detector weighing as much as a
warship, an advanced new computing system and a host
of other innovative gadgets.

But despite this arsenal of brains and technological
brawn assembled at the Fermilab accelerator laborato-
ry, the participants have failed to find their quarry, a
disagreeable reminder that as science gets harder, even
Herculean efforts do not guarantee success.

NYT, January 5, 1993

Clat Lapenmia y dsch

Albert A. Michelson (left) and Edward W. Morley

By MALCOLM W. BROWNE

NE hundred years apgo this month, two exper
menters in an Ohlo basesnent pently rotated a
carouse! of mirrers Noating o a tub of mercury

and inadveriently smashed the reassuring v
sion of a clockwork cosmos that had prevalied since the
wme of Sir Isanc Newlon

Physicists and phidosaphers have anguished over the
cxperiment ever since, bul one by ene, nearly all have
been compelled t» abandon cherished theory In the face
of its evidence.

The experimeniers, Albert Abrabam Michelson and
Edward Willlam Maorfey, 5ot out to prove the existence of

gest Failures, Science Rejoices

P d g'—"" )
3 VS

e hre Yol Temes Rersey Tosn!

Prol. Donald E. Schucle with a replica of the 1887 imterferometer at Case Western Reserve University. It uses a laser beam

yardstick for space and time. So last woek, scientists,
educators and artists gathered in Cleveland o begin a
six-ononth edservance of what many scientists regard as
science’s most crucial fallure

1 thimk %t was the Mot important experiment ever
performed.” sald Dr. Philip L. Tayor, an organiser of
the contennial I Michelson and Martey had obtained n
different result, our whole view of space and time today
would have boen different.”’

“It came st & tUme of transition from & period when
science was dominated by wealthy amateurs to the era
of true scientific professionals,” added Dr. Taylor, & pro-
fessor of physics at Case Western Reserve University in
Cleveland “Michelsan, one of the frst of eee prufes
stonals, was also the first American 10 wim a Nobel prize,

“other™ — an intangibie and invisible Neid thought by
mest 1Sth-century sclenliss (0 permeate the entire uni
verse. Michelson and Morley expocted to demonstrale
that sther speedod or slowed light waves . ¥ this were the
case. the ether would represent & sniversal standard
agatnst wiich the poaitsons and motioes of everything in
the untverse could bo measired

Mach o thelr constemation, they falied Bt thedr
fadure was pivotal, A new generation of schentists, Mrug-
glmg 10 explain the shocking experiment, eventually
demonstrated that nothing In the andverse bas absalute
reality, and that causality itscl! ceases (o operate at the
micrescopéc level of existesce

The cxpertment Was Cryical Lo Emitem s revoluon
ary contention that there &5 no such thing as a aniversal

NYT, April 28, 1987

in 1907, for scaemtific achsevernenl™ (Only one other
American, Theodore Roosevelt, had won a Nobel prize in
any category. President Roosevelt reosived the peace
price in 1908 )

Dr. Taylor sald the experiment marked “the birth of
modern physics in Amerion.'” But Michelson and Moriey
themselves were deeply troubled by its implications, and
nover fully accepted the radical iMerpretation developed
for it by Einsten and other leading theorists

Many experimentors bofore Mxctwlson and Meriey
had demomstrated that light behaves in some ways Mke
the waves that traverse bodies of waler or the sound
waves that travel through air. Reasosing by anaios

el on a
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DIverse searches for new phenomena
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eptoquarks
Nnew gauge bosons
magnetic monopoles

levatron experiments did not find
what IS not there!
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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~! of data to the two general-purpose detectors CDF and DO. 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 pp 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 10!
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—Bs oscillation frequency

Global experimental collaborations




The Tevatron (1983-) gave us courage to think bigger

Thought experiment (1977) considering WW scattering had revealed

1/2
(87[\/5> ~ 1 TeV

3G,

energy scale to discover the mechanism
of electroweak symmetry breaking
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H(125 GeV) = 27° = ut u- Ut U= candidate
ATLAS

@EXPERIMENT

http://atlas.ch

Run: 189280
Event: 143576940
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Higgs discovery follow-ups

Refine Higgs-boson properties: (HL)-LHC, "Higgs Factory”
ete > H+ L

Does H have partners?

ow does H interact with itselt”

Does H regulate WV scattering”

Vacuum-energy problem

“erspectives & (120+) Questions — Gedanken Worlds without Higgs
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