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Overview Lecture 2

Trapping antiprotons

Antihydrogen ATHENA and ATRAP
Making antihydrogen
Future developments

Applications RE T
Antiproton therapy?
Rocket propulsion??
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...and, of course, ...
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...and, of course, ...

Where is the secret
antimatter lab 2
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...and, of course, ...

Where is the secret
antimatter lab 2

Am | a priest ¢
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...and, of course, ...

Where is the secret
antimatter lab 2

Am | a priest ¢

Do we have 1 gram of
antimatter ¢
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How were the 9 antihydrogen atoms made at LEAR ?

Neutral
Xenon Antihydrogen
jet (v~0.9c)

Antiproton
Beam (1.9 GeV/c)

Low Energy Antlproton Ring
(LEAR)

Annihilation of 9 anti-atoms ~ 2 nJ ~ Lifting a mosquito by 1 xzm
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Press reactions (of course)

“Liberation” (France)

«Cest mille fois plus puissant
qu'une réaction nucléaire normale»

Le Pr Oelert ne nie pas un possible usage militaire des antiatomes.

Walmr Oelert, professeur & 1'Institut de recherches  puis se sont déchirés en tombant sur le détecteur de sili-
nucléaires de Jtilich en Allemagne, dinge 1a petite  cium, I"antiproton d’un cété, |"antiélectron de ' autre,
Equipe germane-italienne réunie en 1993 qui a obrenu  Pourralt-on falre une bombe avec cette antima-

neuf antiatomes d hydrogéne, tiere?
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A welcome interruption of the antimatter panic

The LHC will destroy the Earth by making a black hole:
September 10, 2009

~ HHHUTICT /f\lll]l’llll’llll’

ZEITUNG FUR DEUTSCHLAND

Papier: Verschwinden wir i 'n Loch?
lar

rkschafter
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Two questions to keep you awake
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Two questions to keep you awake

1. With present techniques, what would be
the price and delivery time for an 0.5 g anti-

hydrogen bomb?

The Vatican ?
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Two questions to keep you awake

The Vatican 7
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1. With present techniques, what would be
the price and delivery time for an 0.5 g anti-

hydrogen bomb?

2. How much antimatter propellant
would you need to accelerate a 10-ton
spacecraft to 95 % of the speed of light
(assuming 100 % efficiency)

“:7 ICAN-II Exploring
:the Solar System
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III. TRAPPING ANTIPARTICLES




RF trap (“Paul trap™)

A radio-frequency voltage on the electrodes produces an alternating
electric field that confines charged particles in a small space.
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RF trap (“Paul trap™)

A radio-frequency voltage on the electrodes produces an alternating
electric field that confines charged particles in a small space.
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Magnetic trap (“Penning trap™)

Charged particles are spiraling along magnetic field lines (~ Tesla)

and oscillate (harmonically) between electrodes on electric potentials (~ Volts)

Cap electrode _ _ Maagnetic field

Ring electrode

Electric field _ _Voltage source

_ Path of trapped particle
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Trap for antiproton capture and storage
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Trap for antiproton capture and storage
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Trap for antiproton capture and storage

This 1s only
fiction ...
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Trapping antiprotons

SI beam counter Degradet Electron cloud

T —"——— ————, = | f=-——
o e e " T s ___ﬂ.'—.

Capture Trap
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Trapping antiprotons

o Degrading Solenoid (3 T)

Degrader

Antiprotons I
Cold electron cloud

(Cooled by Synchrotron Radiation, t=04satB=3T)

| 99.9% lost
@) Reflecting —_—

0.1%
e/

Electrode

Potentlal V

_ / t =500 ns
\/

Cooling of antiprotons
through Coulomb interaction
with cold electrons

\./"

t =200 ns

t =few sec




IV. ANTIHYDROGEN




The race for cold antihydrogen

ATHENA and ATRAP - Experiments (Start 2000)

Find a way to make cold antihydrogen (done)
Trap and cool antihydrogen (challenge!)
Precision measurements (‘easier’)

ATHENA
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(Anti)Hydrogen Level Scheme

Fr~13H 25

A

|
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2S level is metastable (T ~ 120 ms)

—> Two photon laser-spectroscopy (1S-2S energy difference)
—> very narrow line width = high precision: Av/v ~ 10-15
—> Long observation time - need trapped (anti)atoms
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5 Steps to Antihydrogen
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5 Steps to Antihydrogen

AD

p- Production (GeV)
Deceleration (MeV)
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5 Steps to Antihydrogen

AD

p- Production (GeV)
Deceleration (MeV)

Trapping (keV)
Cooling (meV)
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5 Steps to Antihydrogen

AD Na-22
p- Production (GeV) e* Production (MeV)

Deceleration (MeV) Moderation

Trapping (keV) Accumulation (eV)
Cooling (meV)
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5 Steps to Antihydrogen

AD Na-22
p- Production (GeV) e* Production (MeV)

Deceleration (MeV) Moderation

Trapping (keV) Accumulation (eV)
Cooling (meV)
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5 Steps to Antihydrogen

p~ and e* in mixing trap (cooling)

Antihydrogen formation

AD Na-22

p- Production (GeV) e* Production (MeV)

4 - 8 .+ :
Deceleration (MeV) 1088 Moderation

Trapping (keV) Accumulation (eV)
Cooling (meV)
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5 Steps to Antihydrogen

p~ and e* in mixing trap (cooling)

Antihydrogen formation

AD Na-22
p- Production (GeV) e* Production (MeV)

Deceleration (MeV) Moderation

Trapping (keV) Accumulation (eV)
Cooling (meV)

Detection of annihilation
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Overview - ATHENA

Antiproton capture trap 22Na source
Deceleration and capture of antiprotons Positron production via 2Na(8*)?2Ne at 5.5 K

Penning trap in 3-T field at 15 K Positron accumulator
Cooling and accumulation in e plasma Penning trap in 0.14-T field at 300 K

Capture/mixing trap Positron accumulator 22Na source

S
ﬂ_

Mixing
trap

Antiproton

capture trap Detector

Mixing trap
Antihydrogen production
Nested Penning trap in 3-T field at 15 K
[M. Amoretti et al.,

Detector NIM A 518 (2004) 679]

Antimatter (2) - Summer Students 2009




. B ms

S TRL.

-t
— A o 4/
»
S
/.
\

[ & N i~
f ,A ~ t :
| - =
y ot \ -V\

\
12

'
C
)

=
|
D
o
X

LL]

<€

Z

LL]

=

<

Antimatter (2) - Summer Students 2009




Positron Accumulation using Buffer Gas

ATHENA - Positron Accumulation Scheme

: e Faraday Cups
Solid Ne 1.5 kG magnetic solenoid field - (retractable)

moderator (T=8 K)

Coldhead f
”ﬁ
Na-22 0.2-0.3 kG ~ ~ L
1.8 GBq guiding field

—_—
.
.
'
'
'
.
.
.
.
.
.

Inelastic
collisions

/ with buffer gas
Positrons (~ few eV)

STttt .

KO —
e > =
/ N /

e

Positron
llpoolll

Electrode
Potential
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Positron Accumulation using Buffer Gas

ATHENA - Positron Accumulation Scheme

Faraday Cups

Solid Ne 1.5 kG magnetic solenoid field - (retractable)

moderator (T=8 K)

Coldhead ]'
B — [/ Sy

Na-22 0.2-0.3 kG

Inelastic
collisions

/ with buffer gas
Positrons (~ few eV) Wﬁ"

/5 oy

Electrode
Potential

e

Positron
"poolll

100 million positrons accumulated in 2 min
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Recombination

Magnetic
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Length (cm)

*D.S. Hall, G. Gabrielse, Phys. Rev. Lett. 77, 1962 (1996)
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Antihydrogen Detection

Charged particles - 511-keV y

2 layers of Si microstrip detectors
511 keV gammas Silicon micro

strips

192 CsI CF‘YSTC(IS (inner)

(outer)

Inner radius 4 cm, thickness ~ 3 cm
70% solid angle coverage s
Operates at 3 Tesla, 140 Kelvin crystals

(C. Regenfus et al.,, NIM A501, 65 (2003)) 511-keV y

|
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Antihydrogen Detection

Charged particles - 511-keV y

2 layers of Si microstrip detectors
511 keV gammas Silicon micro

strips

192 CsI CI"YSTC('S (inner)

(outer)

Inner radius 4 cm, thickness ~ 3 cm
70% solid angle coverage N
Operates at 3 Tesla, 140 Kelvin crystals

(C. Regenfus et al.,, NIM A501, 65 (2003)) 511-keV y

Event analysis:
1. Reconstruct vertex from tracks of charged particles

2. Identify pairs of 511 keV y-rays in time coincidence
3. Measure opening angle between the two y -rays
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Antihydrogen - The Movie
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Antihydrogen - The Movie
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Antihydrogen Detector

Tracker
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Antihydrogen Detector
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Event Display
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Opening Angle Distribution

Data

[ @ cold positrons
B hot positrons

—
(0))
o

Monte Carlo

—
N
o

0
o
| I

no. of events

(/)]
-
c
g
40 )
[
)
o
=

o . :WNW

M. Amoretti et al., Nature 419 (2002) 456] ) ' _0'5 ' 0 ' 0'5 | 1
cos(6yy)

Peak from back-to-back 511 keV photon pairs
Test: peak disappears when positrons are 'heated’ (RF)
Correcting for detection efficiency: > 100,000 anti-atoms
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Rate of antihydrogen production quite high

Initially > 100 Hz

Reconstructed annihilation vertices vs time
(Cold mix, rate corrected)
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0 20 40 60 80 100 120 140 160 sec

Time during cycle
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Present state of the art

Number of produced antihydrogen atoms Kinetic energy

| 996: 9 (PS210, CERN) 2 GeV
1 998: 60 (Fermilab) 3 GeV

2002: > 1,000,000 (AD) ~0.001 eV
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FUTURE DEVELOPMENTS

Next step: Trapping antihydrogen
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How to trap antihydrogen

1) magnetic moment (~ u,.) ?

2) Laser cooling at 121.5 nm ?

3) Other methods ??

|
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Magnetic bottles !

Example: Sextupole magnet

20T

15T

10T

05T

U=-iB
F=-VU

Low field seeking atoms (50%) at r=0
BUT: Very shallow potential (~ 0.07 meV/T)

Realistic AB~0.2-03 T = E < 0.02 meV
(reminder: produced antihydrogen has Ekin ~ 1-200 meV)

Hope for low energy '‘Boltzmann tail’ (ALPHA, ATRAP)
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Antihydrogen trapping: Laser cooling !

W —on

Laser Photon

lon absorbs photon
and is slowed

Spontancous

s On average ion
emission

is slowed down
(cooled)

in random

. Q TI P
direction %

desirable range
P =8

vertical height : 1km 1; 1 mm

3
Ei

temperature

L
I

vertical velocity : 100 mis 1 mfs

. ... recoil limit
cryogenic temperature . Boooler limi
(4.2 K) oppler limit

Lyman-a. laser cooling

Antimatter (2) - Summer Students 2009

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




V. APPLICATIONS




Applications of antimatter - PET

Insert e® emitting isotopes (C-11, N-13, O-15, F-18) 2-fiuora-

: 3 y 2-deoxy-D-glucose
into physiologically relevant molecules (O,, glucose, “FDG”

enzymes) and inject into patient.

Hudrogen

Reconstruct place of positron
annihilation with crystal calorimeter

v mitter
Fluoririe - 18e

PET Scan

5
2

-

POSTRON-ELECTRON
COLLUON
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Applications of antimatter - PET

Insert e" emitting isotopes (C-11, N-13, O-15, F-18) 2-fluoro-

! 2 1 2-deoxy-D-glucose
into physiologically relevant molecules (O,, glucose,

enzymes) and inject into patient.

Hudrogen

Reconstruct place of positron . 1
annihilation with crystal calorimeter

Fluorin/n:- 18

PET Scan
Learning a New Language Task

Unpracticed

GAMMA RAYS

'
POSTRON-ELECTRON CREATED

COLLNON
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Tumour therapy

Goal: destroy tumour without (too much) harm to healthy tissue

Gammas: exponential decay (peaks at beginning)
Charged particles: Bragg peak (Plateau/Peak better for high Z)
Antiprotons: like protons, but enhanced Bragg peak from annihilation
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Antiproton Cell Experiment

Biological effectiveness of antiproton annihilation in cells

Additional damage by nuclear fragments of short range

i 1 Slice position
N —®— Physical dose (protons)
“~| Distance from "Peak"

0o} to "Plateau" is defined Soe
L to be equal for protons Wi

- and antiprotons \ g

CCD
Camera

th
ate’ >

Chinese Hamster Cells
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Antiproton Cell Experiment

= G MV photons
= Drotons
- 150 MeV antiprotons

0 2 4 6 8 10 12 14 16 18 20
depth in water (cm)

Equal cell mortality for tumour cells with less than 1/2 radiation dose

Compare with Carbon ion therapy

Antimatter (2) - Summer Students 2009



Lots of antimatter ?

_______________________________________________________________________________________________________________________________________________________________________________________________________________|
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Lots of antimatter ?

Is 1t already
12:00 ?
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But what about antimatter bombs ?

Dan Brown is right:

only 0.5 g antimatter makes an ‘anti-atomic bomb’

BUT:

20 ki TINT=8.4 - 10" )

0.5 g antimatter
+ 0.5 g matter

Antimatter (l) - Summer Students 2009



But what about antimatter bombs ?

Dan Brown is right:
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0.5 g antimatter = 4.5 - 103 )
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But what about antimatter bombs ?

Dan Brown is right:
only 0.5 g antimatter makes an ‘anti-atomic bomb’

BUT:

0.5 g antimatter = 4.5 - 103 )
Total energy needed (efficiency =107 ) : 4.5 - 1022

20 ki TINT=8.4 - 10" )

0.5 g antimatter
+ 0.5 g matter
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But what about antimatter bombs ?

20 ki TINT=8.4 - 10" )

0.5 g antimatter
+ 0.5 g matter
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only 0.5 g antimatter makes an ‘anti-atomic bomb’

BUT:

0.5 g antimatter = 4.5 - 103 )
Total energy needed (efficiency =107 ) : 4.5 - 1022

Electricity discount price CERN




But what about antimatter bombs ?

Dan Brown is right:
only 0.5 g antimatter makes an ‘anti-atomic bomb’

BUT:

0.5 g antimatter = 4.5 - 103 )
Total energy needed (efficiency =107 ) : 4.5 - 1022

Electricity discount price CERN
[ kWh =36 -10¢)=0.1 €]

20 ki TINT=8.4 - 10" )

0.5 g antimatter
+ 0.5 g matter
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But what about antimatter bombs ?

Dan Brown is right:
only 0.5 g antimatter makes an ‘anti-atomic bomb’

BUT:

0.5 g antimatter = 4.5 - 103 )
Total energy needed (efficiency =107 ) : 4.5 - 1022

Electricity discount price CERN
[ kWh =36 -10¢)=0.1 €]

20kt INT=8.4- 103 ) Price ~ 1,000,000,000,000,000 €

0.5 g antimatter
+ 0.5 g matter
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But what about antimatter bombs ?

Dan Brown is right:
only 0.5 g antimatter makes an ‘anti-atomic bomb’

BUT:

0.5 g antimatter = 4.5 - 103 )
Total energy needed (efficiency =107 ) : 4.5 - 1022

Electricity discount price CERN
[ kWh =36 -10¢)=0.1 €]

20kt INT=8.4- 103 ) Price ~ 1,000,000,000,000,000 €

0.5 g antimatter
+ 0.5 g matter Delivery time ~ | 000 000 000 years
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Antimatter driven space engines!

-+ ICAN—II Exploring
-the Solar System

PENNSTATE
| Dl
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Antimatter driven space engines!

. ICAN-II Exploring

10-ton spacecraft at 0.95 c:
E=vymc?~ 10 - 10* kg =

50 tons of antimatter + 50 t of matter
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Antimatter driven space engines!

. ICAN-II Exploring

10-ton spacecraft at 0.95 c:
E=vymc?~ 10 - 10* kg =

50 tons of antimatter + 50 t of matter

Until somebody finds a clever way around these problems, this will stay fiction:
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Antimatter driven space engines!

.:7 ICAN—II Exploring
+ the Solar System

10-ton spacecraft at 0.95 c:
E=vymc?~ 10 - 10* kg =

50 tons of antimatter + 50 t of matter

Until somebody finds a clever way around these problems, this will stay fiction:

2 _BUCK ¢ Sematag & Januer 1968 AKTUELL

E.T., wir kommen noch nicht !

=
In Genf wurde Wunder-Ener gie entdeckt
WION WERNER BUCHER ment: Elmen iitzehieines wnd sind Forscher aul der wented bt der Nachwels  sto33 ins Universum e
: vy ¥ % % ’

4
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Antimatter driven space engines!

; . ICAN—II Exploring
" the Solar System

10-ton spacecraft at 0.95 c:
E=vymc?~ 10 - 10* kg =

50 tons of antimatter + 50 t of matter

Until somebody finds a clever way around these problems, this will stay fiction:

2 _BUCK ¢ Sematag & Januer 1968 AKTUELL

E.T., wir kommen noch nicht !

5
In Genf wurde Wunder-Energle entdeckt
WOION WERNER BUCHER ment: Elmen Witzehielnes  und sind Forscher aul der  mentell int der Nachwels  stoss ins Universum e
: 2 2 . *y \ g . -

4

The End.
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