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Overview Lecture 2

Antimatter 'Factory’ Short history

How are antiprotons made?

Antihydrogen ATHENA and ATRAP
Making antihydrogen
Future developments

Antimatter technology PET
Antiproton therapy?
Rocket propulsion??
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Further media coverage ....

“Liberation” (France)

“Blick” (Switzerland)

AKTUELL

* Sameteg 8 Janver |8

E.T., wir kommen®

In Genf wurde Wunder-Energie entdeckt

WION BERNER BUCHER ot Dlnen Winzebbelaes  wnd u..l e 1] der Nachmrls  ponr s Uneversem (e

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

Le Pr Oelert ne nie pas un possible usage militaire des antiatomes.
utde hh puis se sont déchirés en tombant sur le détecteur de sili-

w alte: esseur
cl\:nAI\ m g e, diri, g a petite cmm‘l':mllprolond\:nc&lé.\'an(l.‘.lcclmndelaulc
uipe ge en 1993 qui h fenu  Pourrait-on faire une bombe avec cette antima-
tiere?
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[11. ANTIMATTER ‘FACTORY’

(also-known-as: “Antiproton Decelerator”)
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The Antiproton Decelerator (AD)

CERN Accelerators

(not to scale)

QuickTime™ and a
GIF decompressor
are needed to see this picture.

hons
auirings to Gran Sasso (|)

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Anliproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice Gran Sasso (I)
PSB: Proton Synchrotron Booster 730 km
PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy Ion Ring Rdolf. LITY, S Division, CERN, 020,96
. 1 .. Revised wed sdsgeied by Antosreslla Diel Rossas, BTT Div,
CNGS: Cern Neutrinos (o Gran Sasso 12 collaboraccn wih B, Destorpes, SL Div, a2d

0. Mangluwki, P8 Div, CERN, 20,0501
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An accelerator ‘condenses’ energy* in collisions

pions
muons
positrons

++
"

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

This is only 0.3 nano-gram !!

[* A tiny percentage of the initial kinetic energy]
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~ few 106
(per proton-on-target)

Antiproton yield
per msr -+ 1% Ap/p - interacting proton
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Challenge of antihydrogen production

9 LHC
— 1 TeV
= LEP

Antiprotons and positrons (when young) are hot

Injection 3.5GeV

Hydrogen atom is a weakly bound system: AD B
E (1s) = - 0.000 000 013 6 GeV. N =
Degrader/RFQ Interior of Sun
= L 1keV

Constituents need to chill before getting married

Electron cooling

TRAP [ 1=

13.6 eV

Antihydrogen lw! 1 meV

formation ili LHe (4.2 K)

Universe (2.7 K)
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The Antiproton Decelerator (AD)

Decelergtion and Cooling (3.5 = 0.1 Gevlo)

Principle of stochastic cooling

Transverse Betafron
pick-Lp motion

!

Extracion 4
(3107 in 250 ng) /

Transverse N
kicker

Amplifier

antiproton
momentum

[:[.TT}
LI ich iy

Principle of electron cooling ASACUSA

1oy mAun Iy
uoypod

W(an'l'ipr‘ofons)’ = “V(electrons)” e

ch':
— . (gﬂ‘;

*E};J
./ 000 09%g00 &
@ cccccccee ¢

2}

gl
;
4
+

Hot antiprotons Cold electrons Electron Cooling |
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Injection

AD

Extraction

Capture

Electron cooling

TRAP

The Antiproton Decelerator (AD)

5 MeV

terior of Sun

1 meV
LHe (4.2 K)
Universe (2.7 K)

INJECTION (5 - 107 antiprotons)

p (GeV/c)

2.0 —

AD Machine Cycle

Stochastic
‘1 Cooling

3.5 GeV/c

Stochastic
Cooling

© 2.0 GeV/c

Elecjron Copling

- >
300, 100 MeV/c

0 120 Time [sec]

Y
EXTRACTION (2-3 - 10 antiprotons)
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Antiproton Decelerator (Photos)
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The AD family photo
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The AD movie

QuickTime™ and a
DV - PAL decompressor
are needed to see this picture.
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Antihydrogen

V. ANTIHYDROGEN
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Antihydrogen

ATHENA and ATRAP - Experiments (Start 2000)

Find a way to make cold antihydrogen (done)
Trap and cool antihydrogen
Precision measurements

ATRAP
T ey oy M 4
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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
- Long observation time - need trapped (anti)atoms
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Antihydrogen milestones

@ Antiproton Capture into Penning Trap @ Antihydrogen Detection
- Annihilation products: 2 layers x 16 Si Strips
o N - 511 keV Gammas: 192 Csl Xtals + Photodiodes
5 4
R ms — B=3T
\ W @ Antihydrogen Storage in Magnetic Bottle
' = Magnetic well depth ~ 0.35 K (35 neV)

@ Positron Accumulation from Na-22 source

105108 ¢* 1 (PHASE 2)
g | | B=01T
',\ ° .'.".\ /
© [+
@® Positron-Antiproton Recombination
in multi-ring trap

243 nm
243 nm

s O Comparison H : H with precision 1012...10°15
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Sl beam counter  Degrader  Electron cloud

FromAD

T T ]
S e e emn

Capture Trap

Trapped antiprotons*

o Degrading | Solenoid (3 T)

Degrader

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

00.9% lost
e

0.1%
ey E < 5 keV
Electrode _
Potential \/—/ t = 200 ns
© Trapping
T\ Cﬁ t =500 ns

€Y Cooling

o Reflecting

Cooling of antiprotons
through Coulomb interaction

%
k with cold electrons

1t =few sec
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Positron Accumulation (ATHENA)

ATHENA - Positron Accumulation Scheme

Faraday Cups
Solid Ne 1.5 kG magnetic solenoid field - (retractable)
moderator (T=8 K) ) )
Gas Inlet  Outlet

Coldhead P |||

W) {7/}t > @ )

il

Na-22 R i 102 mbar 10* mbar '
1.8 GBq 9widing field 106 ... 1079 mbar
Inelastic
A collisions
40V wﬂ“h buffer gas

— Positrons (~ few eV) Wﬁi /ﬁ__

e

Positron
"pﬂlﬂllu

Electrode
Potential

100 million positrons in 2 min
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Overview - ATHENA / AD-1

Antiproton Accumulation +
Mixing with positrons

] -]

3T superconducting soclencid

Positron Accumulator J—

Antiproton Mixing
Capture Trap ~ Detector Trap

Si strip
detectors
(double-zided) P

Annihilation
..... 7 Detector

(at T=140 K)

0 1l;lc:m
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Recombination

Recombine free positrons + antiprotons using "nested traps"”

—125 - .
Antiprotons

=
S 100 -
=
=
O
O
o /54
O
|_

50 -

L ength (cm)
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Antinhydrogen - The Movie

QuickTime™ and a Sorenson Video decompressor are needed to see this picture.
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Antinydrogen Detector

8096 Si strips 192 Csl Crystals
(9, 2)
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Antinhydrogen Detector

Operated at 140K, 3T, small
space

e 2 X 16 Si microstrip detectors
» 192 Cdl crystals, APD readout
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Expected antihnydrogen signal (simulation)

"Golden” H event

_ 200 Monte Carlo

160

Si strip detectors
.., =

trap electrodes g \ \pnsitmn cloud
¢ 1

120

Events

L 4
ml

2.5 cm

-1 -0.5 0 0.5 1

cos H.ﬁ

Cryostat + Coil
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Eventis

First observation of cold antihxdrogen

Aug 2002:
131 + 22 events

(O

e

)
A Hot mixing

(above flat spectrum at cos < -0.95)

> 50,000 produced antihydrogen
i (conservative estimate)
80
iy
e Ao RO A 1‘1 11.:1111"1

Emﬂﬂg“ijﬁ‘lﬁlmli‘ﬂ u:& £ o
A
|

n _ 1 1 I 1 I
-1 -0.5 ] 0.5

cos H,,.,

M. Amoretti et al., Nature 419, 456 (2002)
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10 Reconstructed annihilation vertices vs time
E (Cold mix, rate corrected)

10

MNo. vertices / sec

1 =

0 20 40 60 80 100 120 140 160 sec

Time during cycle

Rate of antihzdrogen Eroduction

Analysis:
* 65+ 10 % antihydrogen

e ~50 9% vertex / annihilation

High Initial Rate (> 100 Hz)
High S/B (~ 10:1) in first seconds
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Rate deEendence on temEerature

107}

107

1 10 100

Pasitron plasma temperature [meV]
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Trigger counts

Trigger counts

Trigger counts

o
;| H | ||
= [Eal O =0 =0 1im
Time (=)
o
o
o
o
im 110 1M 13 140 10
Time (=1

Heat On/Off every 3 sec
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Added Trigger Counts

100

Rise time contains physics:

Positron cooling time (T ~ 0.4 sec)

Temperature dependence of antihydrogen
form




Summarx

Number of produced antihydrogen atoms Energy
1996: 9 (PS210, CERN) 2 GeV
1998: 60 (Fermilab) 3 GeV

2002: ~ 1,000,000 (ATHENA, ATRAP) 0.001 eV
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Antinydrogen trapping and cooling

Antihydrogen trapping by magnetic gradient field
Problem: very shallow potential (~ 0.07 meV/Tesla)
Antihydrogen laser cooling (121 nm) (2002: 50 nW)
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V. APPLICATIONS
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Applications of antimatter - PET

Insert e* emitting isotopes (C-11, N-13, e e
0-15, F-18) into physiologically relevant hee”
molecules (O, glucose, enzymes) and

inject into patient.

Study positron annihilation with crystal
calorimeter ( Positron Emission
Tomography, PET)

Ga ray Learning a New Language Task

Unpracticed
o _,."'III | .
|/ g A i
4 y A
3 (Lo i |
.Q‘_' 4 P -
v NS AFSS
f - 7oA

Practiced

o 3 3

Antimatter (2) - Summer Students 2006 34



Applications of antimatter - 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

Photons Protons
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AD-4 “ACE"

Test experiment at CERN

Tl

Explores relative biological effectiveness

in cells

- antiprotons annihilate;
- nuclear fragments have short range,

- destroy surrounding tissue (<< 1 mm)

Biclogicd effect oh cells

Compare to protons

-> decide about future measurements

If big advantage over heavy ions -

-> construct dedicated antiproton facility

De pi in TissUe
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Antimatter driven space engines?

- ICAN—II Ex
the Solar

PROBLEMS:

1) Extremely low production rates (ng/yr)

2) Extremely low efficiency (~10-8)

3) Difficult storage (space charge) of antiprotons
4) More difficulties for antihydrogen

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

E.T., wir kommen*

In Genf wurde Wunder-Energie entdeckt

The End.
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