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The story line of Angels & Demons
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#1 NEW YORK TIMES BESTSELLING AUTHOR

8 Detective story about a " OF THEDAVINCI CODE
11 llluillﬂ l secret society which ... ﬂ 2p ( W1

@ ... Steals 1 g of antimatter from a physicist

- at the ‘LHC” in a place called “CERN?” ... Before

THE DA VINCI CO
was broken,

the world lay at the
mercy of

... to blow up the Vatican, an AN

old “enemy of science and
CERN”.

Robert Langdon’s first adventure & f
3
i

What's true ? What's false ? Antimatter seems mysterious ...




| Antimatter Questions

=

What is antimatter ?

Where Is antimatter made

How Is antimatter made ?

The mystery of antimatter ?
Seven questions _
How to study antimatter ?
Energy source? A bomb ?

Antimatter in daily life ?




Angels & Demons: The
Director

In 2007, to prepare his movie,
Ron Howard visited CERN to fin
out more about antimatter traps.

What did he say after his
guided tour at CERN?

That's the budget of my new movie

That's how small I feel after seeing
“Angels and Demons”

the huge machines ...

This is what Dan Brown understands
“Angels and Demons” movie ... about antimatter ....

This much science will be in the

LT3
ahY

) . L ...-\-,“‘..\:q’.- Al 7
'\,.‘ 3 y ,.._—~ '... # 'J 2 .~ ] -. > s
A L = Ny MALTRY
’»L_I' . ' » n !_ v'.._“.‘\\- TN ~
-2 A B
5 & Demons - The Physics behin |
% T e g e
SRR Te B 0.2y s Ml ‘
"-"-":-,‘ S P ..“; < !_.:. ,:-_; . o
‘JorJ-,A: AN W : : AIRDPN o :

''''''''''''''

\;)' -
8

..
i




What Is antimatter ?
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Everything is made of matter
(We, animals, plants, rocks)

Hierarchy of matter structures

electron
<10"%cm Electrons
Protons }
proton Quarks
(neutron) Neutrons

nucleus

. ~10-12cm s
atom~10"cm ~10"3cem

Matter Is made of particles
The whole (visible) Universe is made of 3 building blocks




Particles have specific masses and charges

Name Electric Charge [e] Mass [GeV*]
Electron -1 0.0005
Proton +1 0.938
Neutron 0 0.941

*GeV = Giga-Electron Volt = 1,000,000,000 Electron-Volt = 1.8 - 10-?7 kg




1 What Is antimatter ?

Anti-particles have the same mass, but opposite charge

Electric Charge Electric

Proton +1 O._ Antiproton

Particles




Energy to <

... and they can also annihilate each other

e- ~
. \: '
Mass to energy: TSN




Metaphors for the relation
between
particles and anti-particles




1

Anti-particles are as Matter becomes antimatter
real

as particles

A world made of antiparticles would look the same as our
world.
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What Is antimatter ?
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Where Is antimatter made °




Where I1s antimatter made ?
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Where Is antimatter made'.i ?
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MEMBER STATES

AUSTRIA
BELGIUM
BULGARIA
CZECH REPUBLIC
DENMARK
FINLAND
FRANCE
GERMANY
GREECE
HUNGARY

ITALY
NETHERLANDS
NORWAY
POLAND
PORTUGAL
SLOVAKIA

SPAIN

SWEDEN
SWITZERLAND
UNITED KINGDOM

6302

77
120
54
178
66
80
868

1153

104
52

1463

170
73
191
122
55
311
71
362
732

OBSERVER STATES

INDIA 91
ISRAEL 49
JAPAN 204
RUSSIA 901
TURKEY 60
USA 1618

2923

OTHERS

ARGENTINA
ARMENIA
AUSTRALIA
AZERBAIJAN
BELARUS
BRAZIL
CANADA
CHILE
CHINA
CHINA (TAIPEI)
COLOMBIA

8
16
17

|
19
77

141

2
78
53
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CROATIA
CUBA
CYPRUS
EGYPT
ESTONIA
GEORGIA
ICELAND
IRAN
IRELAND
KOREA
LITHUANIA

MALTA
MEXICO
MONTENEGRO
MOROCCO
NEW ZEALAND
PAKISTAN
PERU
ROMANIA
SERBIA
SLOVENIA
SOUTH AFRICA

THAILAND
TUNISIA
UKRAINE
UZBEKISTAN

RSEE

N




2 Where Is antlmattermade ?
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The Hollywood version of antimatter

Capture should begin
at any moment,
ngels & Demons - The Physics behindthe
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3 How IS antimatter made ?

Energy Is converted to mass

Energy
(e.g. photo




3  How is antimatter made ?
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In the centre of the Sun, mass Is converted to
energy

S0OHO, N#




3 How IS antimatter made ?

In particle collisions, energy Is transformed into matter and
antimattg

Angels & Demons - The Physics behind the -
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4  The mystery of antimatter

Tom Hanks explains the research at CERN




Antimatter and ...

God particle ?? No.

Implications for energy research ?  Hmmm.

Combustible substance ? May be.

An airtight nanocomposite container with magnets ....

The moment of creation ...




From the Big Bang to Today



4  The mystery of antimatter

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

) et AR e S ¢ SEPR

inflation_ J% ’ﬁﬂ’fﬁ gﬁ‘ﬁg

No S|gn of antlmatte'r‘ '.

nywhere

Quantum '
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Big Bang model: the evolution of the
Unlverse




4  The mystery of antimatter

Where has the antimatter gone

Solar System ? No'!

Angels & Demons - The Physics behind the Movie



4  The mystery of antimatter

Where has the antimatter gone
o | T |
E - In galaxies far, far away. ? No.

- There seems to 'b.e no antimatter in the Universe

Angels & Demons - The Physics behind the Movie



No antimatter in the Universe ?

Why not ?7?7?




4  The mystery of antimatter

Cosmic CSI

Big Bang:
Energy transforms to mass

<1 us: matter =antimatter

Annihilation battle

1s: allantimatter has
disappeared,

some particles left (all stars/planets)
loads of ‘photons’ (left from

GRIVere filled with light
(cosmic microwave
backg,) G
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4  The mystery of antimatter

Why did all antimatter disappear,
but a little bit of matter was left?

Matter and antimatter: (slightly) different properties?

Mass, charge, magnetic moment (CERN: Antihydrogen

experiments)
CP violation (CERN: LHCb experiment)
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How to study antimatter ?

5

The antihydrogen route
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Compare hydrogen with antihydrogen
atom

ctron e Positron

?

© Antiproton

Measure differences to a precision of
0.000 000 000 000 001 %




5 How to study antimatter ?

CPT-Symmetric Situation
Anti-Apple

3

Same energy
levels ?

Not
Anti-Apple

3

Same gravity
?
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How to make millions of antihydrogen atoms (ATHENA,
2002)

1 - Produce, decelerate, and trap antiprotons

2 - Produce and trap positrons

3 - Merge antiproton and positron plasmas

4 - Produce antihydrogen atoms (recently: trap
antihydrogen)
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5 How to study antimatter ?

Principle of Antiproton Production

pions,
muons,
electrons

Target

)

Protons —:-___——..o 6}_

@~ Antiprotons

clel




5 How to study antimatter ?
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Antiproton
Decelerator

produces 100,000,000
antiprotons per minute

Baa o, Slows them down to 10
. % of the speed of light
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Antiproton Decelerator at CERN



How to study antimatter ?
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5 How to study antimatter ?
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The “Angels & Demons” version






6 Anenergy source? A bomb’P

Dan Brown: “Antimatter is the energy source of the
future” !

Energy conservation NO

Antimatter production requires energy

1,000,000,000 times more energy invested
than released by annihilation
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Antimatter explosion in “Angels &
Demons”



6 Anenergy source? Abomb?

Dan Brown:

“0.5 g antimatter makes a
powerful bomb”

22kt TNT =9 - 1013 J =
0.5 g antimatter + 0.5 g matter

-
[

So this Is correct, but ....

Hiroshima - 20 kt TNT equivalent
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0.5 g antimatter = 4.5 - 1013 J

Total energy needed (efficiency =102 ) : 4.5 - 1042
J

Even with electricity discount price CERN by EDF
[1 kWh=3.6-10°J=0.1€]

Price 1,000,000,000,000,000 €

Delivery time 1 000 000 000 years




Antimatter in daily life ?
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Antimatter in your body !

2-fluoro-
2-deoxy-D-glucose

Glucose supplies energy “FDG”
D

Add positron emitting isotopes G [+
(e.g. F-18) to glucose S @I RG

Hudrogen

8 |¢,I:arbon

Inject into blood stream A

EE¥ posifron

Fluorin/:- IBemmer

Glucose accumulates where
energy Is needed

Positron emission and annihilation - detect where glucose




/  Antimatter in daily life ?

Positron Emission Tomography (“PET Scan”)

PET Scan
Learning a New Language Task

Unpracticed

/ | ' 4
) ’ ' -
v /

- A\
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Practiced
A . /
QA ‘
\| N
-~

\ e JNG,
rd

GAMMA RAYS

POSTRON-ELECTRON = CEATED
COLLMON - '

Antimatter helps

- to understand how the brain
Works

s =to find tumours R
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/  Antimatter in daily life ?

" Positron Emission Tomography (“PET Scan”)

Antimatter helps to find
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Antimatter in daily life ?

Tumour therapy with antiprotons ?

Gamma radiation destroys many healthy cells
Protons deliver radiation more specifically to tumour cells

Antiprotons would be 3 x more efficient than protons (annihilation!)

Photons

8]
5 13 [ s
103
280
77
B3
50
37
23

ey
L=

amma o Protons
radiation

Antiprotons




What did Ron Howard say
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Angels&Demons -

The Physics Behind the
Movie

Rolf Landua

TOM HANKS

ANGCELS&DEMONS CERN




I For Teaching

Antimatter Teaching Module
(NEW|

CERN
Particle Physics
Cosmology

Principles of Experimental
Physics

Introduction to Accelerators

Applications of CERN
research

Multimedia material

Antimatter @ School

Teaching Resources - Antimatter Teaching Module

>> Lesson Plans

Living

In the
Material

World

YNother
O A3

Conundrums ™

OUTER svm

Knowing Anti-Me,
Knowing Anti-You

pcraiion:
MEsgsiiaaianie!

EjVERGY S
SPAWN

Boys With Toys

e

E FROWM

-

Back to Antimatter Teaching Module




Omn average ion
15 slowed down

121 nm laser needed
Prototype at MPI Munich
.. only 50 nW




20T

1B| A
1.5 T atom
-
10T
M
05T L, =
U=-uB
00T R . L
F=-VU '
Low field seeking atoms (50%) at r=0 Example: Sextupole magnet

BUT: Very shallow potential (~ 0.07 meV/T)

Realistic AB ~0.2-0.3T + E<0.02 meV
(reminder: produced antihydrogen has Ekin ~ 1-200 meV)

Trap antihydrogen from low energy ‘Boltzmann tail’ ?




125 4= .
antiprotons

-100 4

Trap potential (V)

& (

50+

6 8 10 12
Length (cm)

O -
N —
NS

* More than 1 million antihydrogen atoms produced
« Small kinetic energy (< 0.01 eV)
* Next step (in progress): trap antihydrogen atoms




AD

p- Production (GeV)
Deceleration (MeV)

Trapping (keV)

Cooling (meV)

p- and e* in mixing trap (cooling)

Antihydrogen formation

Na-22
e* Production (MeV)
Moderation

Accumulation (eV)



Mass of proton and antiproton ?

Present result: AM/M < 0. 000 000 000
1

Magnetic moment of electron and positron
?

Present result: Apy/p < 0. 000 000 000 001

Present status: excellent agreement !
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ATHENA Experiment (2002), at the AD facility

* More than 1 million antihydrogen atoms produced
« Small kinetic energy (< 0.01 eV)
* Next step (in progress): trap antihnydrogen atoms

2002: ‘Cold’ antihydrogen production by AD experiments®
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Magnetic
field

Recombination

-125 = .
antiprotons

-100 4

Trap potential (V)

& (

50 -

o
N —
oS
o
cc

10 12
Length (cm)

* More than 1 million antihydrogen atoms produced
« Small kinetic energy (< 0.01 eV)
* Next step (in progress): trap antihydrogen atoms




Next step Trapplng antihydrogen

Neutral (antl ) atoms escape from Penning trap
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