Fermilab’s Accelerators

for now, Tevatron is the world’s highest energy accelerator

Peter H. Garbincius — Fermilab — since 1976
video-Ask-a-Scientist — SC2009 — Nov 18, 2009

What are accelerators?
Fermilab’s accelerators
What do we use them for?
What we’'ve learned

What we don’t know

What we are planning

general particle physics reference:
http://www.particleadventure.org
http://www.fnal.gov
http://www.linearcollider.org
http://www-ilcdcb.fnal.gov/Ask accelerators 13july08.pdf
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What i1s the universe made of
and how does it work?

What is this made of, Daddy?
What's inside of that?
What's that made of?
What inside of that?

Questions of
little children —
ancient Greeks (atoms) —
today’s physicists
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Wave-Particle Duality of Nature

How we see
different-

sized DeBroglie said moving
objects: particles have an
equivalent wavelength,
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as size of probe decreases (energy goes up) => resolution improves

basketball tennis ball pea



How do we measure the very small?

Ernest Rutherford (1908 Nobel Prize in Chemistry) l

The “first” particle physics experiment

ZnS

Discovered and measured size of nucleus Microscope

Diaphragm
radioactive l I
source . .
a few MeV , ] I
Alpha particle
source Thin foil
Target
g <—Accelerator
Tevatron =1 TeV
Detector A

Computer



How to Accelerate Charged Particles

+ =
T E| = v/d L
|F| = q|E| = qV/d S ’
________________..--' + F(— ‘63
As the electron accelerates from the d

right hand plate to the left, the change

In energy Is the work done,

different E! AE — F X d — qv oV

The charge on an electron is g =-e = -1.6 x 10-*° Coul
(on a proton, +1.6 x 10-2° Coul = +e)

So, we say that an electron/proton accelerated through 1 volt gains
an amount of energy AE =1 eV (1 electron volt) (= 1.6 x 1013 J)
In example above, the electron would gain energy of amount 9 eV.



the “classic” cathode ray tube television is
both an accelerator and detector!

phosphorescent

heated filament, — i
screen whic

electron source

(cathode) /’ lights up W[]en
i struck by e ’s
electromagentic fields to
accelerate and steer the
electron beam (ray) evacuated glass

T
o, T

container (tube)

| OK. soit’s a little more than that. ..
but not much! Really!

-~ Note: voltages encountered are a few tens of thousands ofvolts,
- - therefore particle energies of about 10 keV, say!



Let's re-use (recycle) the E-field!

) gotta flip E-field when particle outside of plates
— 1 | or particle will be decelerated — RF voltages
53 MHz =TV Ch2

bend particles with
magnetic field

The First Cyclotron, Berkeley -- 1930’s
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You need DIJ machines

Main Injector ¥
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Fermilab Accelerator Complex

« Complex Accelerator Systems

— Fermilab-- 11 separate machines
» Cockcroft- Walton (2)
e Linac
 Booster
 Main Injector
* Recyler
* Pelletron
 Debuncher
« Accumulator
 Tevatron
 Fermilab NICADD Photo Injector Laboratory (FNPL)



FERMILAB'S ACCELERATOR CHAIN

http://www-bd.fnal.gov/public/
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Cockcroft-Walton 750 KeV LINAC 400 MeV Booster 8 GeV
velocity =0 » 0.04c », 0.71c , 0.994c

Main Injector 150 GeV Antiproton “Bottle” Tevatron 1000 GeV =1 TeV
0.994 ¢ 0.99998 ¢ @ 8 GeV 0.99998 ¢ 0.9999995¢c 11



Superconducting Tevatron

Outside Is at room temperature;
Inside Is at 4°K = - 452°F!
Field is 4.4 Tesla @ ~4,000 A
Each magnet is ~20 ft long,
and weighs about 4 tons

~1000 magnets in the Tevatron
(~800 dipoles, ~200 quadrupoles)
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Fermllab Main C()ntrol Room

From here, control and monitor properties of all accelerators

around the clock operation, 24/7 all year
shut down periods occur, for maintenance
-- now, for instance!

crews of 5-6 Accelerator Operators and Crew Chief



Energy Available for
Particle Production
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A typical
(Interesting)
‘event”

antipraton

bottom
quark

two neutrinos
combined

electron
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Seeing particles
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CDF & D-Zero Experiments

http://Iwww.fnal.gov/pub/now/live eventsé
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Observation of top-quark pair production at Fermilab

Double b-tagged
dilepton event @ CDF

Run 162820 Event 7050764 Sun May 11 16:53:57 2003

CDF Il Preliminary
Secondary Vertex
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ZOOM IN : silicon microstrip detector

E = mc?
Jets or sprays

of particles from
bottom quarks

b6llGeV

t—-— W + b
l !
V+HU jet
! !

missing  multi-
energy particles

similar for decay
for t-bar
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Accelerators

are like _

2.3x1013 12x10% ¢

microscopes:
Energy =>
1/distance
and like
time machines:
Energy =>
1/time

105 2x10%3

10-10g 2x1016

also Energy =>
Temperature







Our “Periodic Table”

ELEMENTARY
PARTICLES

Quarks, Leptons, & Forces
b, t, v, discovered at FNAL

Electromagnetism
Strong Nuclear Force
Weak Nuclear Force
(radioactive decay)
Gravity is too weak
for Fermilab to study

fundamental particles
no size —without parts
can’t break them apart

(at least with today’s
accelerators)

Looking for the Higgs boson
at Tevatron today!

Gives all the other
particles their mass
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Some of today’s hot physics topics:

What causes mass? Is it the Higgs boson?
Why are there different types of quarks & leptons?
Very curious neutrinos! (weak force)
Why does the universe seem to be “matter”,
rather than a balance of matter and anti-matter?

Is there anything inside quarks & leptons?
Are there any other types of particles or forces?
Are there more than 4 dimensions (X, y, z, t)?
How does gravity fit in to the picture?
What is “dark matter” and “dark energy”?

not just high energy or particle physics,

but also experimental astrophysics questions
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Fermilab: 2 TeV proton-antiproton collider
6 km circumference, 4.4 Tesla magnets, ~20 yrs old

CERN is now building a 14 TeV p-p collider

Ina27 km tunnel, 8 Tesla magnets, start-up ~2008
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We’'ve been on top for 20 years, what do we do next?s



Large
Hadron
Collider

CERN'’s LHC will have
4.25 x circumference, 1.65 x stronger magnets,
7/ X more energy, and 33 X event rate,
than Fermilab’s Tevatron Collider
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CDF at Fermilab




500-1000 GeV e*e" Linear Collider is under consideration by
Europe, Japan, and U.S./Canada
Initially 250x250 GeV, with possible upgade to 500x500 GeV

proton-(anti-)proton colliders

are like a blunt objects,
colliding bags of quarks & gluons
statistically share total energy
higher raw energy for discovery

electron-positron colliders are
tools for precision measurement
collide fundamental particles
without internal structure
full energy available
simple, understood, and variable initial state
e.g. can tune the energy and polarizations
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The International Linear Collider

damping
rings

e‘ e” source

- . *bunch
e bunch ) & prelinac ) €
compressor e linac = — <+ e*linac compressor
<+ e transport line

' N
et transport line =—»

a 250 GeV x 250 GeV ete collider
~ 31 km long!

The Reference Design Report (RDR) for the ILC
Including cost and labor estimates
was released in August, 2007
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Two tunnels
 one housing accelerator units
o other for services - RF power
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= j — 16,000 SC RF cavities
¥ ? { below is first Fermilab Cryomodule
8 cavities, 12 m long x 1 m dia.




Z C
L S
Of =

(D)
™ D
— o
_ 48]
S (-
5 O
© o
QO o
o 9 :
O m
P S £
> T =
4] D
O m S
LL S
ad .

Aned ul plald 914199|3

e VUL

._m_._g__uE

|
R _FEFEF_E

© ﬂqﬁiwiwiwjﬂliuﬂ.ﬂ

A _n___P_P__“__”_r
- EEL“,




Complementarity of LHC and ILC
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A magnitude of diﬁerence Fermilab's Tevatron accelerator

% | is 1.25 miles in diameter and
Eg \ . Vi _| about 4 miles around.
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North Aurora mine & CERN TBM (also TARP = Deep Tunnel)

mmg




What, $, When, Where?

500 GeV e*e collider (250 GeV x 250 GeV),
but include sizing to enable upgrade to 1 TeV,
e.g. beam stops, BDS tunnels, identify land

Cost ~ $ 6.7 B (2007%) (~ same for 3 regions sites)
plus 13,000 person-years laboratory labor
plus escalation (inflation) and contingency

Start construction ~2018 at the earliest
then 7 years construction — I'll be > 75 years old!

We are hoping that Fermilab will be the site,
also investigated sites in Switzerland & Japan.

This will be a big international decision! ;
4



Accelerator Uses

Fundamental Research into Nature
— Particle Physics and Nuclear Physics } ~ 100 accelerators

Light sources

— Condensed Matter Physics

— Chemistry

— Biology

— Archeology

Medicine (~ 5000 accelerators)

— X-rays

— Direct Treatment of Tumors

— Production of Radioactive Sources, e.g. PET

Industrial Applications (~ 4900 accelerators)
— Semiconductor Fabrication
— Electron Beam Welding and Furnaces

(old-fashioned) Televisions!
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End of my Presentation

Thank you for coming!

http://www.fnal.gov
http://www.fnal.gov/pub/today/
http://www.linearcollider.org
http://www.symmetrymagazine.orq

http://www.particleadventure.orq
http://Iwww-llcdcb.fnal.gov/Ask accelerators 13july08.pdf

 I'll be happy to continue discussion:
— More on ILC
— Benefits of Research at Fermilab
— NuMI update (beam to Minnesota)
— More on what we don’t know about nature,,
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We think we know everything
about the Higgs boson via SM,
except its MASS

Search for the Higgs Particle

Status as of March 2009

Excluded by Excluded by
LEP Experiments Tevatron
95% confidence level Experiments

95% confidence level

Excluded by
Indirect Measurements
95% confidence level

100 114 120 140 160 170

Higgs mass values

180 185 200 GeV/c?
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SM Higgs Limit Projections

D0x2 = assumes combining all channels for DO + CDF

- = 3.5 Evidence

-t
=

*.1 2010
—— 2009

Analyzed Luminosity / Experiment (fb™)

1 —|—r|r1-r1l111r|1r1r-4r1|1|1|r1|'1-r1r4r1r|
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my, (GeV/c?)
P S— » Can exclude SM Higgs at this mass if nothing seen
€--—-——=- >

Expect a 3 o observation if SM Higgs exists at this mass
DO-plusCDF_Higgs limits_10nov08.ppt — from Darien Woods

http://d0Oserverl.fnal.gov/projects/spokes/financialcommittee/DzerolFC 10nov08 dw v2.pdf
10-Nov-2008

DO International Finance Conunittee
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Tevatron Projection
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The mass-energy of Universe consists of
25 % dark matter & 70% dark energy
“dark” => doesn’t emit or absorb starlight

Rotational speed of galaxies
Clumpiness of cosmic microwave background radiation

Cres

About six to seven times more e | ’ J:Léémfw i
mass in the universe (27+4%) TIWMAP 2003 £
than there is baryonic matter - / 3

(4.410.4%) -

;~, What is this stuff? How
can we get a firmer
understanding of it?

M81 galaxy &
WMAP satellite

Accelerators

The rate of expansion of universe seems to be increasing!
Much more mass-energy than (known) quarks & leptons!
We only know (understand?) ~ 5% of the universe!!l *



Colliding galaxy clusters 1E0757-558

y .

Luminous normal matter (pink): hot gas - Chandra X-rays

Total mass (blue): optical (gravitation lensing) — Hubble
41



quarks, leptons, stars, plasma....

Dark energy
/3%

Atoms
4%

Dark matter
23%

So what is all of this “stuff”?

| thought we knew
what the universe is all about!

42



Example of a curled-up (invisible) extra
dimension

How can we observe it?

Is that why gravity is so weak? /’H




Is There a New Symmetry in Nature?
Supersymmetry

Bosons «==p Fermions

Particles SUSY Sparticles
Quark

S=0,1 S=1/2
Gauge boson

Gaugino

Squark

Slepton

44



Fermilab Accelerator Complex
http://www-bd.fnal.gov/public/

FERMILAB'S ACCELERATOR CHAIN

-._,H MAIN INJECTOR

TE'U'ATHIJH _';‘F-} -\“Q:LER \\

r/ S
'._ DZERD H\“‘H . // TARGET HALL
N, © ANTIPROTON
\ [ SOURCE
L S
i \@ BOOSTER
——— ,/' 67 LINAC
- /,,/ COCKCROFT-WALTON

Antiproton  Preten

(B

You need blg machines to study smai particles:
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Benefits of Fermilab
Research

e Increase our understanding of nature
and how it works — just part of being human

e technological spin-offs — often far in future
much of today’s economy based on research
In the late 1800’'s — early 1900’s
electron — TV (accelerator) & communications

e some examples from Fermilab & HEP
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Neutron Therapy Facility (with NIU) — R. R. Wilson
Proton Accelerators for Medicine — Loma Linda & PET

SC wire — Tevatron — practical MRI (medical diagnostic)
- h—

WWW —invented @ CERN by
Tim Berners-Lee
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APV SNNMWVNQB Curious neutrinos!
PARTICLES

only Weak force
do v have any mass?

If so, one kind of v
could change
INto another

VV RS kind of vand
I 11 LI[I back again!
oscillations...

Vo <> vﬂ >y



NUMI — Neutrlnos at the Mam Injector
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Neutino Oscillations
E=1GeV,dm”2=0.0016 eV"2

N
o 1
= original
| 05
E 0 T T M
0 500 1000 1500 2000

distance from source - km

a /35 km long beam, right
thru the earth! 10 km deep




Neutrino Interactions

v's Interact very weakly (the weak force!)
total vp cross section (interaction probability)

o(vp) =6.7 X 103° cm? at 1 GeV

o(pp) = 2.2 x 10?6 cm? (strong force)
o(yp) =2 x 1028 cm? (E.M. force - photons)
EM force/Gravitation = 103° between 2 protons

only 650 out of 1 billion ¥'s interact before
reaching Soudan (735 km earth)

only 40 out of 1 trillion v’s interact in detector
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Neutrino Oscillation v, => v,

Oscillation function — disappearance
L=730km ©®m?=0.0027 eV? sin?%(20)=1.0

Probability of detecting
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—+8 How to MAKE a Neutrino Beam

TAKE A
BEAM OF
PROTONS...

T first of e
hame (magmktic
Mers) that align
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first NuMI results — July 31, 2006
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