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2000
Start of CERNs 'Antimatter Factory' (AD)
Production and capture (?) of 'slow’ antihydrogen

Antimatter (l) - Summer Students 2009




ANGELS AND DEMONS

#1 NEW YORK TIMES BESTSELLING AUTHOR
OF THE DA VINCI CODE

AN BR(

))\\ ST J[\ ;
'\\ \ \\
Yy AN

/

Before -
THE DA VINCI COD
was broken,
the world lay at the
mercy of

ANG
DE

Robert Langdon’s first adventure é’ h&
m(




ANGELS AND DEMONS

T]Mming

Detective story about a
secret society which

#1 NEW YORK TIMES BESTSELLING AUTHOR

DAN BROW \u

N

Before
THE DA VINGI C
was broken,

the world lay at the
mercy of

Robert Langdon’s first adventure %:’ b



ANGELS AND DEMONS

(g < .

] Detective story about a

1 l‘ n[ secret society which ...
-/

... steals 1 g of antimatter
from a place called “CERN” in
Geneva...

#1 NEW YORK TIMES BESTSELLING AUTHOR

OF THE DA VINGI CODE ‘
T o "/ ='\ ‘W‘ \ N 7 \‘v'\ i 3 :
AN BROW?

[

Before
THE DA VINC]
was broken,

the world lay at the
mercy of




ANGELS AND DEMONS

Detective story about a
secret society which ...

... steals 1 g of antimatter
from a place called “CERN” in
Geneva...
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A mix of fact and fiction. What is true?2 What is false?



“Angels and Demons” - The Movie

*Da Vind Code, Apollo 13, Beautiful mind, ...
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This much science will be in the
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That's the budget of my new movie
“Angels and Demons”

This is what Dan Brown understands
about antimatter ....

*Da Vind Code, Apollo 13, Beautiful mind, ...
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The corred answer at the end of this lecure....




Overview Einstein, Dirac, Feynman, CPT, ...
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Overview Einstein, Dirac, Feynman, CPT, ...

Antimatter ‘Factory’ How are antiprotons made?

Antihydrogen Short history

How to make antihydrogen
Future developments

Antimatter technology  PET

Antiproton therapy?
Rocket propulsion??
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1. Overview - History of Antimatter
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Special relativity + Quantum Mechanics = Antimatter
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Special relativity + Quantum Mechanics = Antimatter

A. Einstein (1905)

Mass is condensed energy

(c2 = exchange rate!)

| kg =9 -10'¢) =285 GW -year
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Special relativity + Quantum Mechanics = Antimatter

A. Einstein (1905)

. Paul A.M. Dirac (1928
Mass is condensed energy (1928)

(c2 = exchange rate!)

I kg =9 -101°) =2.85 GW - year - 1929: Positive electron = proton ?2???
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A. Einstein (1905)

. Paul A.M. Dirac (1928
Mass is condensed energy (1928)

(c2 = exchange rate!)

I kg =9 -101°) =2.85 GW - year - 1929: Positive electron = proton ?2???

1930: Positive electron = anti-electron |
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A. Einstein (1905)

. Paul A.M. Dirac (1928
Mass is condensed energy (1928)

(c2 = exchange rate!)

I kg =9 -101°) =2.85 GW - year - 1929: Positive electron = proton ?2???

1930: Positive electron = anti-electron |

Dirac: Anti-Electron must exist !
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Interlude: playing with equations (best guesses ...)
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Schrédinger:

non-relativistic
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Schrédinger:

non-relativistic

0,,2

Klein-Gordon: |E* = p"+m° — -k’ ?ljj =-h’ Vztp + mij
[

relativistic, spin O
(number of particles not conserved)
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Schrédinger:

non-relativistic

2
Klein-Gordon: |E* = p"+m° — -k’ %q) =-h’ Vztp + mzw
[

relativistic, spin O
(number of particles not conserved)

2 2 2
Er=p +m —

7, , J
lé’tw =-i (o, é)xlp+...)+/3’mlp

E==x(ap)+ pm

relativistic, spin 1/2
(number of particles conserved)
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Positron discovery- why so late ?

C. D. Anderson.
Phys. Rev., 43, 491 (1933)
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Positron discovery- why so late ?

¢

C. D. Anderson.
Phys. Rev., 43, 491 (1933)

F1G. 1. A 63 million t positron (Hp=2.1>10" gauss-cm) passing through a 6 mm lead plate
and emerging as a 23 lion volt positron (Hp=7.5>10* gauss-cm). The length of this latter path
is at least ten times gffater than the possible length of a proton path of this curvature.

Positron from below
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Positron discovery- why so late

C. D. Anderson.
Phys. Rev., 43, 491 (1933)

. .
irac . ;
Fi1c. 1. A 63 millio l[ sitro 1([]/:—71><10 gauss-cm ing through a 6 mm lea l]l e

nnrl emerging as a 23 liol 1([ sitron (Hp= 43\/10 (:m) The ler Lll fll s latter path
at least ten time; lrth 1 the pc ll length of a 11 path of this curvature.

"Why did the experimentalists not see them? Because
they were prejudiced against them.
Positron from below
The experimentalists ... sometimes saw the opposite
curvature, and interpreted the tracks as electrons
which happened to be moving into the source, instead
of the positively charged particles coming out.
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WHY ANTIPARTICLES MUST EXIST

Relativity and Causality

Causal connection between two events
can only exist within "light cone”

Clear distinction between the PAST and
the FUTURE (for a given observer)
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Antimatter in Quantum Field Theory

R. P. Feynman
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Antimatter in Quantum Field Theory

The electron (field) is no longer described by a wave function but an operator that
creates and destroys particles. All energies are positive.

R. P. Feynman
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Antimatter in Quantum Field Theory

The electron (field) is no longer described by a wave function but an operator that
creates and destroys particles. All energies are positive.

Light cone

R. P. Feynman Observer #1 : A happens before B

An electron can emit a photon at A, propagate a certain distance, and then absorb
another photon at B.
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Causality requires antiparticles to exist

Wave function only localized within Compton wave length (A ~ 1/m).
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Causality requires antiparticles to exist

Wave function only localized within Compton wave length (A ~ 1/m).

1-

A

Light cone

Quantum relativity: electron wave function
can be outside the light cone
(Compton wave length | =h/m.c)
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Causality requires antiparticles to exist

Wave function only localized within Compton wave length (A ~ 1/m).

Light cone

Quantum relativity: electron wave function For a moving observer, event B can therefore
can be outside the light cone happen before event A. The process at B is
(Compton wave length | = h/m,.c) then interpreted as 'pair creation'.
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Causality requires antiparticles to exist

Wave function only localized within Compton wave length (A ~ 1/m).

Light cone

Quantum relativity: electron wave function
can be outside the light cone
(Compton wave length | =h/m.c)

1-

A

For a moving observer, event B can therefore
happen before event A. The process at B is

then interpreted as 'pair creation’.

"One observer's electron is the other observer's positron”
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Analogy : an airplane flying over a crooked road
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Analogy : an airplane flying over a crooked road

K4
(8

=

Observer A Observer B

sees only one street
sees one street plus two streets

emerging out of ‘nowhere’
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Particles and antiparticles

How can we imagine an ‘anti-particle?

Star Wars version
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Particles and antiparticles

How can we imagine an ‘anti-particle?

Star Wars version

Particles and anti-particles are two manifestations of the same
underlying, but yet unknown, physical structure (superstrings??).
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Therefore;

Particles and antiparticles are created in pairs

Particles and antiparticles can also destroy each other (annihilation)
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Therefore;

Particles and antiparticles are created in pairs

Electron Positron

Neutrino Anti-Neutrino
Up-Quark : " | Anti-Up-Quark
Down-Quark Anti-Down-Quark

Particles and antiparticles can also destroy each other (annihilation)
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Therefore;

Particles and antiparticles are created in pairs

Electron Positron

Neutrino Anti-Neutrino
Up-Quark : " | Anti-Up-Quark
Down-Quark Anti-Down-Quark

Anti-Muon ...

Anti-Tau ...

Particles and antiparticles can also destroy each other (annihilation)
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Enter the antiproton

1905 1925 The Antiprofon

Special relativity Quantum Mechanics

1927
Dirac Equation

1956 1995

Antineutron Antiproton

Technical developments
1965

Antideuteron

19.56—198(.35.: - 1970s
Scattering, annihilation, Accumulation + Coolin
1970 Meson spectroscopy -

Anti-Helium-3

1980s-now
Colliders (SppS, Tevatron)

1978
Anti-Tritium 1980s-now:

W,Z, b,t physics

Trapping

1983-1996 1996: Hot (v~c)
LEAR Antihydrogen
. ? :

Antiproton Decelerator Antihydrogen
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Antiproton Discovery (1955)
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Antiproton Discovery (1955)

Antiproton Discovery

p+tp—p+p +(p+p)

Threshold:
Target 56 GeV

Bewvatron
(6.2 GeV protons)

Shiclding
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Antiproton Discovery (1955)

First antiproton (-

annihilation - i

-
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Antiproton Discovery (1955)

PHYSICAL REVIEW

CA jovrmal of cxpervimenial and theoretical phyics aiobliched by E. L. Nechols im 1893

Voo 100, No. 3 NOVEMBER 1, 1955

Observation of Antiprotons™

OwEN CHAMBERLAIN, ExMirLiOo SEGRE, CLYDE WIEGAND,
AND THOMAS YPSILANTIS

Radiation Laboratory, Department of Physics, Universily of
California, Berkeley, California

(Received October 24, 195S5)

T T T T
—— POSITIVE PROTON CURVE
IN ARBITRARY SCALE

NO. OF ANTIPROTONS

/?\+P€R o* w-

-
1

A1 A A 3 B e
Qass LoO 1LOS LIO 1 L20

RATIO OF MASS TO PROTON MASS
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Radiation Laboratory, Department of Physics, Universily of y
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Antiproton Discovery (1955)

PHYSICAL REVIEW

CA jovrmal of cxpervimenial and theoretical phyics aiobliched by E. L. Nechols im 1893

Voo 100, No. 3 NOVEMBER 1, 1955

Observation of Antiprotons™

OwEN CHAMBERLAIN, ExMirLiOo SEGRE, CLYDE WIEGAND,

AND THOMAS Y PSILANTIS > 3on Nobel prize (1959)

Radiation Laboratory, Department of Physics, Universily of y
California, Berkeley, California for 50% of the collaboration

(Received October 24, 195S5)

T T T T
—— POSITIVE PROTON CURVE
IN ARBITRARY SCALE

NO. OF ANTIPROTONS

/i\+r‘€a o* w-

Tedious analysis ....

-
1

A1 A A 3 E A
a9s LoO 1.0S LIO 1 L20

RATIO OF MASS TO PROTON MASS
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Also in 1955;: The CPT Theorem *

*1955 - Proof of CPT theorem by Pauli (following work by Schwinger and Liiders)
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Also in 1955;: The CPT Theorem *

|) Locality (no action at a distance)

2) Lorentz invariance (all inertial frames are equivalent)

3) Causality (no interaction between two space-time
points outside each other’s light cone)

4) Vacuum = lowest energy (spin-statistics connection)

5) Flat space-time (no black holes anywhere near)

6) Point-like particles

*1955 - Proof of CPT theorem by Pauli (following work by Schwinger and Liiders)
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5) Flat space-time (no black holes anywhere near)

6) Point-like particles

Then :

*1955 - Proof of CPT theorem by Pauli (following work by Schwinger and Liiders)
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Also in 1955;: The CPT Theorem *

|) Locality (no action at a distance)

2) Lorentz invariance (all inertial frames are equivalent)

3) Causality (no interaction between two space-time
points outside each other’s light cone)

4) Vacuum = lowest energy (spin-statistics connection)

5) Flat space-time (no black holes anywhere near)

6) Point-like particles

Then :

Particles and antiparticles must have exactly equal
mass
lifetime
charge (magnitude)
energy levels of bound states

*1955 - Proof of CPT theorem by Pauli (following work by Schwinger and Liiders)

Antimatter (1) - Summer Students 2009 20




Does the Universe care about CPT symmetry !

Dirac's Vision (from his Nobel lecture, 1933)
1) There may be matter-antimatter symmetry in the Universe

2) Anti-stars: optical spectrum would be identical
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Does the Universe care about CPT symmetry !

Is the Universe divided into matter and antimatter domains?

Annihilations at boundaries would lead to a relic diffuse gamma-ray flux* shows that exceeds the
observed Cosmic Diffuse Gamma (CDG) spectrum (0.1 - 10 MeV region):
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Annihilations at boundaries would lead to a relic diffuse gamma-ray flux* shows that exceeds the
observed Cosmic Diffuse Gamma (CDG) spectrum (0.1 - 10 MeV region):

Antimatter (1) - Summer Students 2009




Does the Universe care about CPT symmetry !

Is the Universe divided into matter and antimatter domains?

Annihilations at boundaries would lead to a relic diffuse gamma-ray flux* shows that exceeds the
observed Cosmic Diffuse Gamma (CDG) spectrum (0.1 - 10 MeV region):

Flux [photons / cm**2 / MeV / sr]

COMPTEL
Schonfelder et al. (1980)
Trombka et al. (1277)
White 2t al. (1977
ral M PR
1 10
Photon Energy [MeV]

*A.G. Cohen, A. De Rujula, S. Glashow, Astrophys. J. 495 (1998) 539
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Does the Universe care about CPT symmetry !

Is the Universe divided into matter and antimatter domains?

Annihilations at boundaries would lead to a relic diffuse gamma-ray flux* shows that exceeds the
observed Cosmic Diffuse Gamma (CDG) spectrum (0.1 - 10 MeV region):

Flux [photons / cm**2 / MeV / sr]

COMPTEL
Schonfelder et al. (1980)
Trombka et al. (1277)
White 2t al. (1977
ral M PR
1 10
Photon Energy [MeV]

*A.G. Cohen, A. De Rujula, S. Glashow, Astrophys. J. 495 (1998) 539
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Does the Universe care about CPT symmetry !

15,7 00) iliil}ﬂi>i‘; \(Cadl

The Big Bang
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Does the Universe care about CPT symmetry !
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Does the Universe care about CPT symmetry !

t~0:
equal amounts of

Antimatter L
matter/antimatter
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Does the Universe care about CPT symmetry !

t~0:
equal amounts of
matter/antimatter

MOTHER OF ALL BATTLES
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Does the Universe care about CPT symmetry !
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MOTHER OF ALL BATTLES

t < 0.001 s:

all antimatter has disappeared,
but some matter (us!) left

(and lots of photons)




Does the Universe care about CPT symmetry !

t~0:
equal amounts of
matter/antimatter

MOTHER OF ALL BATTLES

t < 0.001 s:

all antimatter has disappeared,
but some matter (us!) left

(and lots of photons)

Why 22 Study antimatter-matter symmetry (CP and CPT)
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Origin of the antimatter disappearance !

CP VIOLATION |

- Look at decay of s- or b-quark (at CERN: LHCb)

CPT VIOLATION @2
- Theorists don’t like this idea, but experimentalists are less picky.
- Look for ANY difference between matter/antimatter

- BUT: experiments have to be VERY precise
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Precision Experiments with Antimatter

Precision measurements: high statistics or long observation times

For charged (anti)particles: trap and observe (e, p: see next lecture)

(Anti-)Hydrogen:
neutral (anti-)atom
simple structure
energy levels known to 1014
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Precision Experiments with Antimatter

Precision measurements: high statistics or long observation times

For charged (anti)particles: trap and observe (e, p: see next lecture)

(Anti-)Hydrogen:
neutral (anti-)atom
simple structure
energy levels known to 1014
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CPT symmetry works very well in the laboratory

Precision of direct CPT Tests

| I | | | I | | |

(9-2)

magnetic moment (g-2)

harge-to-mass

charge

planned experiments

10-18 1019 1012 109
AY /Y
Precision (note logarithmic scale)
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: - CPT symmetry works very well in the laboratory

Q Precision of direct CPT Tests

| I | | | | | | { |
i {

g-2)

magnetic moment (g-2)

harge-to-mass

charge

planned experiments

1018 10-1° 1012 109
AY /Y
Precision (note logarithmic scale)

- DIRECT TESTS CONFIRM CPT ~ 10-!2 LEVEL
- HYDROGEN - ANTIHYDROGEN COMPARISON PROMISING (< 10-1°)
- THERE IS NO "THEORY" OF CPT VIOLATION
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Antimatter gravitation is not constrained by CPT

CPT-Symmetric Situation Not

Apple Anti-Apple Anti-Apple

©e »® | @
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Antimatter gravitation is not constrained by CPT

CPT-Symmetric Situation Not

Apple Anti-Apple Anti-Apple

©e »® | @

Theoretical expectation:
Gravitational = Inertial mass

Antimatter falls like matter
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Antimatter gravitation is not constrained by CPT

CPT-Symmetric Situation Not
Anti-Apple Anti-Apple

Theoretical expectation:
Gravitational = Inertial mass

Antimatter falls like matter

But it has never been verified experimentally
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Antimatter gravitation is not constrained by CPT

CPT-Symmetric Situation Not
Apple Anti-Apple Anti-Apple

i

Theoretical expectation:
Gravitational = Inertial mass

Antimatter falls like matter

But it has never been verified experimentally

(anti-)
Measurement of
gravitational ac ation
by dropping atoms  nature 200 (1999) 849

Achim Peters, Keng Yeow Chung & Steven Chu

Physics Department, Stanford University, Stanford, California 94305-4060, USA
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Antimatter gravitation is not constrained by CPT

CPT-Symmetric Situation Not
Apple Anti-Apple Anti-Apple

&

Theoretical expectation:
Gravitational = Inertial mass

Antimatter falls like matter

But it has never been verified experimentally

(anti-)
Measurement of

Slow moving anti-atoms offer ~ gravitational ac ation
a possibility: by dropping atoms  Nature 400 (1999) 849

Achim Peters, Keng Yeow Chung & Steven Chu

Physics Department, Stanford University, Stanford, California 94305-4060, USA
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II. ANTIMATTER 'FACTORY"




II. ANTIMATTER 'FACTORY"

(also-known-as: “Antiproton Decelerator”)
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Antimatter factory in Hollywood studios

Antimatter (l) - Summer Students 2009




...seemlessly merged into the ATLAS cavern ....
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...and the naked truth at CERN.
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...and the naked truth at CERN.
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CERN - The Lord of the Rings
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CERN - The Lord of the Rings

CERN Accelerators

(not to scale)

— PrOLONS
—— 0 prolons
— 1ONS

neutrnos to Gran Sasso (1)

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice

PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy Ion Ring Rodalf LY, IS Division, CERN, 0209 96

Q- Dot e Revised sad sdspied by Antonclts Del Rosw, ETT Div,
CNGS: Cern Neutrinos to Gran Sasso o Caflafmrion oA T Deatngm, 82.D0%, aud

D, Mangluski, P§ Div, CERN, 23,0501
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CERN - The Lord of the Rings

CERN Accelerators

(not to scale)

— PrOLONS
—— 0 prolons
— 00

neutrnos to Gran Sasso (1)

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice

PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy Ion Ring Rodalf LY, IS Division, CERN, 0209 96

Q- Dot e Revised sad sdspied by Antonclts Del Rosw, ETT Div,
CNGS: Cern Neutrinos to Gran Sasso o Caflafmrion oA T Deatngm, 82.D0%, aud

D, Mangluski, PS Div, CERN, 23,0501
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Antiprotons were needed for the SpS collider (270+270 GeV)
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Antiprotons were needed for the SpS collider (270+270 GeV)

Discovery of W, Z bosons

Antimatter (l) - Summer Students 2009




Antiprotons were needed for the SpS collider (270+270 GeV)

Discovery of W, Z bosons

Search for SUSY, Top, Higgs
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An accelerator ‘condenses’ energy in collisions

Principle of Antiproton Production

pions,
Target muons,

| m e

+
OO

Protons —:-___ @ .:Q_
@~ Antiprotons
m .
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An accelerator ‘condenses’ energy in collisions

Principle of Antiproton Production

Acceleration efficiency ~ 103 Target m

,

+
o ©

Protons —:-_: o :S; )3_ \<

Production efficiency ~ 104

Collection efficiency (AD) ~ 102
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An accelerator ‘condenses’ energy in collisions

Principle of Antiproton Production

Acceleration efficiency ~ 103 Target

:

Production efficiency ~ 104

Collection efficiency (AD) ~ 102

Peak production at CERN ~ 200,000,000,000,000 antiprotons/year

(only 0.3 nano-gram, overall efficiency ~ 10-?)
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Efficiency of antiproton production

Fﬁ‘ﬁ—*v v—vv—ﬁ P ———
¢

1000 GeV
400 GeV
L L N\ 200 GeV
* g v
[ \\

' . )

O AR W . 0 TR . MO DO
0 100 200 300 400 %00

P p— T Y Y 3 | T

—

o Fermilab

: \\

» 120 GeV
[ W 80 GeV
} .

.

\
A
N\

LLALLJ\LL\X

0 30 100 150 200 2%0

)

GeV/c proton

(

e R (EPUR MWSS WS GDem G S N v-T

/\\ PS at CERN

[
r

! / 25 GeV

b 4
10 ss[_A_- L —r _;'__._L._i? L et —

00 2.9 30 A 100 29

P MOMENTUM GeV/c

Fig. 7. Total laboratory p production on tungsten below
0.30 GeV /¢ from eq. (1) (per interacting proton)
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Energy dependent
Few 10* (CERN, 26 GeV/c)

Few 10-3 (Fermilab, 120 GeV)

»99 % of interacting protons
do NOT produce antiprotons




Challenge of antihydrogen production
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Challenge of antihydrogen production

Antiprotons and positrons (when young) are hot
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Challenge of antihydrogen production

Antiprotons and positrons (when young) are hot

Hydrogen atom is a weakly bound system:
E (Is) =-0.000 000 013 6 GeV
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Challenge of antihydrogen production

Antiprotons and positrons (when young) are hot

Hydrogen atom is a weakly bound system:
E (Is) =-0.000 000 013 6 GeV

Constituents need to chill before getting married
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Antiproton Decelerator (AD)

Proton
Synchrotr

antiprotons
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Antiproton Decelerator (AD)

Proton
Synchrotron

Deceleration and Cooling (3.5 — 0.1 Ge\{c)

; Lt : I.r‘— —‘I.[__ o,
Injectlon at 3.5 Ge\ic ‘l-

M

Extraction J
(3107 in 250 ns) /

ASAC USA

ahtiprotons

Electron Cooling
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The Antiproton Decelerator (AD)

INJECTION (5 - 107 antiprotons)

covre AD Machine Cycle
P ev/c

Stochastic
‘ Cooling

’, 3.5 GeV/c l ';

Injection

AD

Extraction [y : Stochastic

Z Cooling
Degrader/RFQ i | - .
I + 2.0 GeV/c

Capture |N ' '

Electron cooling

TRAP

Antihydrogen 0 ' Elecfron Co Iing !
formation LHe (4.2 K) ’ .
Universe (2.7 K) . ' '

. . . ! )

300, 100 MeV/c
120 Time [sec]

Y
EXTRACTION (2-3 - 107 antiprotons)
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The AD Movie
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The AD - a machine and its team
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The AD - a machine and its team
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The AD - a machine and its team

Antimatter (l) - Summer Students 2009




The AD - a machine and its team
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The AD - a machine and its team
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Tomorrow (trailer!)
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Tomorrow (trailer!)

Where is the secret
antimatter lab @
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Tomorrow (trailer!)

Where is the secret
antimatter lab @

Am | a priest ¢
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Tomorrow (trailer!)

Where is the secret
antimatter lab @

Am | a priest ¢

Do we have 1 gram of
antimatter ¢
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What did
Ron Howard
say after a

visit to CERNZ?
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Thank you for your attention
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