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Motivation: WEPMotivation
 General relativity is a classical (non quantum) theory;

 EEP violations may appear in some quantum theory

 New quantum scalar and vector fields are allowed in some models
(Kaluza Klein ….)

 These fields may mediate interactions violating the equivalence principle
M. Nieto and T. Goldman, Phys. Rep. 205, 5 221-281,(1992)

Einstein field: tensor graviton (Spin 2, “Newtonian”)

+ Gravi-vector (spin 1)

+ Gravi-scalar (spin 0)

Scalar: “charge” of particle equal to “charge of antiparticle” :        attractive force
Vector: “charge” of particle opposite to “charge of antiparticle”: repulsive/attractive force

Cancellation effects in matter experiment  if a ≈ b and v ≈ s

V = ‒ ― m₁m₂ ( 1∓ a e   + b e    )-r/vG -r/s∞
r

Phys. Rev. D 33 (2475) (1986)

Motivation for antigravity in General Relativity  G. Chardin, Hyperfine Interactions 109 (1997) 83

Discussion and experimental constraints             M, Nieto and T. Goldman, Phys. Rep. 205 (1991) 221
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AEgIS: Antihydrogen Experiment: 
Gravity, Interferometry, Spectroscopy

Tests of gravity require very cold 
trapped H or a pulsed cold beam of H

_

Experimental goal: g measurement 
with 1% accuracy on antihydrogen 

(first direct measurement on antimatter)

a) production of a pulsed cold beam of 
antihydrogen (T~0.1K)

b) measurement of the beam deflection with a 
Moiré deflectometer

G ~ 100nV/m on p
_

–

_
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• Charge exchange reaction:

• Principle demonstrated by ATRAP  (Cs* → Ps* → H*)
[C. H. Storry et al., Phys. Rev. Lett. 93 (2004) 263401]

• Advantages:
– Large cross-section:
– Narrow and well-defined H n-state 
     distribution
– H production from p at rest
→  ultracold H

_

_

_

_

_

At  T(p) = 100mK,
n(Ps) = 35
⇒ v(H) ≈ 45 m/s
 T(H) ≈ 120mK

Works well at temperatures
from 0–10 K

_

_

→

_

Schematic:    i) antihydrogen formation

σ = a n4
0
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•Neutral atoms are not sensitive to static electric and magnetic fields
•Electric field gradients exert force on electric dipoles:




•Stark deceleration of hydrogen demonstrated
[E. Vliegen & F. Merkt, J. Phys. B 39 (2006) L241 - ETH Physical Chemistry]

⇒Rydberg atoms are very sensitive
to inhomogeneous electric fields

– n = 22,23,24
– Accelerations of up to  2×108 m/s2  achieved
– Hydrogen beam at  700 m/s  can be stopped 

in  5 µs  over only  1.8 mm

Schematic:     ii) beam formation
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• Classical counterpart of the Mach-Zehnder interferometer

– Decoherence effects reduced
– “Self-focusing” effect – beam collimation uncritical

• Replace the third grating and detector by position-sensitive detector


 ⇒   Transmission increases by ~ factor 3

• Has been successfully used for a gravity measurement
with ordinary matter,  σ(g)/g = 2×10-4

[M. K. Oberthaler et al., Phys. Rev. A 54 (1996) 3165]

Fringe phase and phase shift
identical to Mach-Zehnder
interferometer!

Schematic:     iii) trajectory measurement
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a=80 µm

x/a

20 cm

Moiré deflectometer: principle of operation

x

1)   No  gravity, very high statistics

(40 cm) (40 cm)
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x

Grating 
units

F

With gravity

Vh= 600 m/s
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Grating 
units

Vh= 600 m/s
Vh= 400 m/s

x
F

With gravity

slight shift (~10 
μm )
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Vh= 600 m/s
Vh= 400 m/s

Grating 
units

!""#$#%&'#(")*+*"',)(")-&.*)*/0%,#(")

!""#$#%&'#(")*+*"',)1-2)+#,0&%)#",3*4'#("5)6)789):);9<)=4/>)

!"#$%&'()*#

measure impact point to (≤10 μm )

solution 1: Si strip detectors (~10 μm ?)

solution 2: photographic emulsion (≤1 μm ?)
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Layout of the zone
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Layout of the zone
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Layout of the zone

Antiproton trapping
in 5 T magnet
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Layout of the zone

Positron accumulation
and transfer
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Layout of the zone

Antihydrogen
(1 T magnet)
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Layout of the zone

Trajectory measurement
(Moiré deflectometer)
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Timeline:

2012: AEGIS assembly, tests with H production

2013: no antiprotons! tests with H production

2014: antiprotons only late in year: H (and then H) 
          beam production, first measurements?

2015: gravity measurement & H spectroscopy

2016: gravity measurement & H spectroscopy

2017: ELENA starts up: GBAR enters the game

(meanwhile, of course, ALPHA, ATRAP, ASACUSA are very active....)

_

_

_
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AEGIS

new (de)celerator in 2017: ELENA
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Outlook

Y. Sacquin – Irfu/SPP 7Séminaire SPhN – 7/01/2011
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Y. Sacquin – Irfu/SPP 6Séminaire SPhN – 7/01/2011

! experiment using "+

• Produce ion "+

• Capture ion "+ 

• Sympathetic cooling 20 µK

• Photodetachment of e+

• Time of flight

Error dominated by temperature of "+

Relative Precision on !: 

"+
in ion trap !g/g

5 105 0.001

104 0.006

103 0.02

h = 10 cm !"!t = 143 ms

h =  1 mm !"!t =   14 ms

J.Walz & T. Hänsch, 

General Relativity and Gravitation, 36 (2004) 561.

h = 1/2 ! (t1-t0)
2

"+

gravity

detector (t1)

detector

Laser (t0)

cooling µK
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Ultracold atoms

Precision requires “Ultra-cold” (~1 µK) Antihydrogen

P1: GAD

General Relativity and Gravitation (GERG) PP1066-gerg-477708 January 2, 2004 15:54 Style file version May 27, 2002

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments

with antihydrogen. The scale on the bottom gives the spread of vertical

velocities, 1 σ =
√
kT/m, which corresponds to the temperature axis

in the middle. The height kT/2mg to which antihydrogen atoms can

climb against gravity is shown on the upper scale.

Antihydrogen atoms in a magnetic trap can be cooled further using laser

radiationon the strong1S–2P transition [15–17]which is at 121.6 nmwavelength in

the vacuum-ultraviolet spectral region. Producing laser radiation in thiswavelength

range at Lyman-α is a considerable challenge. Using a pulsed Lyman-α source,

laser-cooling of ordinary hydrogen atoms in amagnetic trap has been demonstrated

down to temperatures of 8mK [29]. Recently we have build the first continuous

laser source for Lyman-α radiation which might eventually improve laser-cooling

of trapped antihydrogen atoms [30, 31]. Nevertheless, there are limits for laser

cooling, one of which is due to the finite selectivity of the cooling force in velocity

space. This “Doppler limit,” kBTDoppler = h̄γ /2, is related to the natural linewidth,

γ = 2π · 99.5MHz, of the transition. For antihydrogen, TDoppler = 2.4mK. The

other limit is due to the photon recoil, kBTrecoil = h̄2k2/m, where k = 2π/λ. Laser

cooling of antihydrogen is thus eventually limited to Trecoil = 1.3mK [15]. Note

that these limits are fairly high, compared to those for other (alkali) atoms which

are common for laser cooling. This is due to three reasons. First hydrogen is a

very light atom, second the cooling transition is at a rather short wavelength and

third the cooling transition is rather strong, i.e. it has a large natural linewidth.

Nevertheless, laser-cooling of antihydrogen will certainly help a lot, in particular

for CPT tests. But for experiments in antimatter gravity the corresponding vertical

heights in the range of meters might still be somewhat too large to be practical.

_

H atoms in trap @ 8 mK
using pulsed Lyman-α 
I.D.Setija et al., PRL 70 (1993) 2257

1S→2P laser cooling: cw Lyman-α source
Eikema, Walz, Hänsch, PRL 86 (2001) 5679

current lowest p 
temperature (4.2K)

(light atom, short wavelength)

Wednesday, August 1, 2012



Ultracold atoms
sympathetic cooling to the rescue

cooling of H+
_

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

GBAR AEGIS
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Ultracold atoms
sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

how? perhaps through Ps(2p)+H(1s) → H+ + e-

_
_ _

sympathetic cooling of H+

e.g. In+ → 20 μK

photodetachment at ~6083 cm-1

gravity measurement via TOF

_

GBAR AEGIS
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Fig. 1 (Color online.) Energy
level diagram of the negative
osmium ion. The red arrow
indicates the relevant
transition for laser cooling

valence electron [19]. Classically, negative ions should not exist, as it is not ener-
getically favorable for a negatively charged electron to attach itself to a neutral core.
Nevertheless, most elements form negative ions. They are created by polarization
of the neutral atom and are stable due to quantum-mechanical correlation effects.
Their binding energy, the energy gained when all Z + 1 electrons adjust their
wavefunctions in accordance with the Pauli exclusion principle and electrostatic
repulsion, is typically about an order of magnitude smaller than the binding energies
of atoms or positive ions. The potential is both shallow and short-ranged; therefore,
only a limited number of bound states (if any) exists.

The number of negative ions which form bound excited states is even smaller [20].
Most of these states are sub-levels of the same configuration and hence have the
same parity as the ground state. Due to the well-known selection rules, electric-
dipole transitions cannot occur between same-parity states. Such transitions are,
however, of particular interest for spectroscopic investigations. Moreover, they could
in principle be used to laser-cool the negative ion. Opposite-parity bound states
have been predicted for the anions of a number of elements. While some of these
candidates have not yet been investigated experimentally, the existence of such states
in lanthanum and cesium has already been ruled out [21, 22].

Recently, a comparatively strong resonant transition just below the photode-
tachment threshold was discovered in the negative osmium ion and investigated by
infrared laser photodetachment spectroscopy [23]. In this study of Os−, the transition
frequency (wavelength λ ≈ 1162.7 nm) was determined with an uncertainty of
≈ 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy ≈ 11.5 meV) and that its Einstein coefficient is A ≈ 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD ≈ 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-α transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os− should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os−.

11meV
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Fig. 3 (Color online.)
Blue-shifted resonance
frequencies as a function
of the ion beam energy [28].
The solid line is the result
of the fit for the Doppler shift,
its extrapolation to zero beam
energy is shown in the inset.
The lower pane shows the
residuals of the fit

Previous investigations of excited states in negative ions have relied on photode-
tachment by absorption of an additional photon into the excited state. In our setup,
ions which have been excited to the Je state in the interaction region are neutralized
by the strong electric field in the ionizer. Of course, photodetachment nevertheless
occurs and contributes to the total neutralization rate. All neutral atoms are detected
by the MCP placed in the forward direction. A typical excitation resonance is shown
in Fig. 2b, along with the corresponding resonance obtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the field detachment. The width of the (mainly Gaussian) resonance,
!res ≈ 45 MHz, is dominated by the Doppler width; its slight asymmetry is due to
a corresponding asymmetry in the velocity distribution of the ions.

In collinear laser spectroscopy, the measured transition frequency is blue-shifted
because of the Doppler effect. While the transition frequency in the ion’s rest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
beam energies and fitting the data points to the well-known function for the Doppler
shift. Furthermore, a possible systematic shift in the beam energy can be accounted
for by including it as a parameter of the fit. The result of these measurements
and the corresponding fit are shown in Fig. 3 [28]. From the fit, a transition
frequency of ν0 = 257.831190(35) THz was obtained, corresponding to a wavelength
of 1162.74706(16) nm. This is in good agreement with the prior measurement [23], but
more than two orders of magnitude more precise. The fit yielded an average beam
energy error of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precise determination of any feature in an atomic anion.

The resonant cross-section can be determined by considering the time evolution
of the ground and excited state populations in the beam as well as the number of
neutralized atoms. A set of three differential rate equations for these populations in
the region of overlapping beams can be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressions for
the number of excited and detached ions over time and the radial extent of the
overlapping beams. Assuming constant overlap of the ion and laser beam, it is only

very weak cooling  
→ best to start at ~ 4K and cool
   to Doppler limit (                 )

Fischer et al, PRL 104 (2010) 073004 

_

GBAR AEGIS
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Ultracold atoms
sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

cooling of p
_

should allow reaching same precision on g as with atoms (10-6 or better)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327
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_ _
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can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
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shift. Furthermore, a possible systematic shift in the beam energy can be accounted
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   7. Precision tests with Antihydrogen: gravity
   8. Applications of antimatter
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Overview:

   1. Introduction and overview
   2. Antimatter at high energies (SppS, LEP, Fermilab)
   3. Meson spectroscopy (antimatter as QCD probe)

   4. Astroparticle physics and cosmology
   5. CP and CPT violation tests
   6. Precision tests with Antihydrogen: spectroscopy

   7. Precision tests with Antihydrogen: gravity
   8. Applications of antimatter

(aka: can it make me rich?)
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Applications:

   1. Positron emission tomography

   2. Radiotherapy

   3. Fuel

   4. Other ideas

Wednesday, August 1, 2012



Lectures on Antimatter                                            Michael Doser / CERN

Applications:

   1. Positron emission tomography

   2. Radiotherapy

   3. Fuel

   4. Other ideas

Wednesday, August 1, 2012



Lectures on Antimatter                                            Michael Doser / CERN

Antimatter (2) - Summer Students 2009
33

Applications of antimatter - PET

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

into physiologically relevant molecules (O2, glucose, 

enzymes) and inject into patient.

Reconstruct place of positron 
annihilation with crystal calorimeter
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33

Applications of antimatter - PET

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

into physiologically relevant molecules (O2, glucose, 

enzymes) and inject into patient.

Reconstruct place of positron 
annihilation with crystal calorimeter

Antimatter (2) - Summer Students 2009
33

Applications of antimatter - PET

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

into physiologically relevant molecules (O2, glucose, 

enzymes) and inject into patient.

Reconstruct place of positron 
annihilation with crystal calorimeter

(Lifetimes  ~ few to 100 minutes) 
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True
True

PET CT

etc…
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Data representation: sinograms

PET Image Reconstruction 11/6/07

Adam Alessio, aalessio@u.washington.edu 2

 5

Types of imaging systems

source

f(x,y,z) f(x,y,z)

Transmission (TX) Emission (EM)

… but same mathematics of tomography

 6

From photon detection to data in form of

Sinograms

511 keV

photon
detections

The number of events detected

along an (LOR) is proportional to

the integral of activity (i.e. FDG

concentration) along that line.

Patient FDG
distribution

s

!

!

point
source

sine wave traced out
by point source

!Sinogram" (all views)

Projection: 

collection of 
parallel LORs

(a single view)

single projection

0o

180o

s

s

 7

Sinogram Example

Sinogram

A
B

D

S

!
C

Source Objects

A

B

C

D

Scanner

P(s, !)

• The sinogram is p(s,!) organized as a 2D histogram -
Radon Transform of the object

 8

IV. Data Analysis
Order of corrections (common application):

Start with Raw Data:
Prompt Events = Trues + Randoms + Scatter
Delayed Events = Approximation of Randoms

1. Randoms correction (Yr = Prompt-Delayed)

2. Detection efficiency normalization

(Yn = Yr * Norm)

3. Deadtime (Yd = Yn * Dead)

4. Scatter (Ys = Yd - Scat)

5. Attenuation ( Ya = Ys * ACF) attenuation correction factors

6. Image Reconstruction

PET Image Reconstruction 11/6/07
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Types of imaging systems
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180o

s

s
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Sinogram Example

Sinogram

A
B

D

S

!
C

Source Objects

A

B

C

D

Scanner

P(s, !)

• The sinogram is p(s,!) organized as a 2D histogram -
Radon Transform of the object

 8

IV. Data Analysis
Order of corrections (common application):

Start with Raw Data:
Prompt Events = Trues + Randoms + Scatter
Delayed Events = Approximation of Randoms

1. Randoms correction (Yr = Prompt-Delayed)

2. Detection efficiency normalization

(Yn = Yr * Norm)

3. Deadtime (Yd = Yn * Dead)

4. Scatter (Ys = Yd - Scat)

5. Attenuation ( Ya = Ys * ACF) attenuation correction factors

6. Image Reconstruction

The number of events detected along a line is proportional to the integral of activity along that line

Intensity = 
Line integral through 
tracer distribution for 
a particular (s, phi)A

B

C

D
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?

• Filtered back-projection 

• Expectation maximization (iterative procedure)
fast, cheap, inaccurate

slow, expensive, accurate

http://research.nokia.com/files/tomoRGI.pdf

Wednesday, August 1, 2012
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Antimatter (2) - Summer Students 2009
33

Applications of antimatter - PET

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

into physiologically relevant molecules (O2, glucose, 

enzymes) and inject into patient.

Reconstruct place of positron 
annihilation with crystal calorimeter

Good for mapping metabolism, neurotransmitters 
and physiological changes

Serotonin

Serotonin receptors

Dopamine receptors

Glucose

Amyloid-binding molecules

Opioid receptors

Pharmacological tests
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Maximum Intensity Projection of a 18F-FDG whole body PET acquisition

brain

stomach
(abnormal)

bladder
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MRI PETCombined
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Antimatter (2) - Summer Students 2009
34

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

Radiotherapy
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• Irradiate sample tube with 
living cells suspended in gel.

• Slice sample tube in !1 mm
slices and determine survival
fraction for each slice.

! Repeat for varying (peak) doses.

!"#$#%"&'$()*'$+,",(-./0#1

Example: Protons at TRIUMF

!"#$"%&'()*'+,(,

Wednesday, August 1, 2012



Lectures on Antimatter                                            Michael Doser / CERN

• Irradiate sample tube with 
living cells suspended in gel.

• Slice sample tube in !1 mm
slices and determine survival
fraction for each slice.

! Repeat for varying (peak) doses.

!"#$#%"&'$()*'$+,",(-./0#1

Example: Protons at TRIUMF

!"#$"%&'()*'+,(,

Wednesday, August 1, 2012



Lectures on Antimatter                                            Michael Doser / CERN

• Irradiate sample tube with 
living cells suspended in gel.

• Slice sample tube in !1 mm
slices and determine survival
fraction for each slice.

! Repeat for varying (peak) doses.

!"#$#%"&'$()*'$+,",(-./0#1

Example: SOBP of Carbon Ions at GSI

!"#$"%&'()*'+,(,
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Fuel and energy

Antimatter in a trap 
(in the film Angels and Demons)

????
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You are an antimatter factory

Your body produces antimatter:

The body of an 80 kg individual 
produces 180 positrons per hour! 
These come from the disintegration 
of potassium-40, a natural isotope 
which is absorbed by drinking water, 
eating and breathing.
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You are an antimatter factory

Your body produces antimatter:

The body of an 80 kg individual 
produces 180 positrons per hour! 
These come from the disintegration 
of potassium-40, a natural isotope 
which is absorbed by drinking water, 
eating and breathing.

maybe we can do better...
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Antimatter (1) - Summer Students 2009 38

20 kt TNT = 8.4 · 1013 J
0.5 g antimatter 
+ 0.5 g matter

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

BUT:

0.5 g antimatter = 4.5 · 1013 J

Total energy needed (efficiency =10-9 ) : 4.5 · 1022 J

Electricity discount price CERN 
[1 kWh = 3.6 · 106 J = 0.1 !] 

Price ~ 1,000,000,000,000,000 !

Delivery time ~ 1 000 000 000 years

But what about antimatter bombs ?
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Antimatter (1) - Summer Students 2009 38

20 kt TNT = 8.4 · 1013 J
0.5 g antimatter 
+ 0.5 g matter

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

BUT:

0.5 g antimatter = 4.5 · 1013 J

Total energy needed (efficiency =10-9 ) : 4.5 · 1022 J

Electricity discount price CERN 
[1 kWh = 3.6 · 106 J = 0.1 !] 

Price ~ 1,000,000,000,000,000 !

Delivery time ~ 1 000 000 000 years

But what about antimatter bombs ?
...but not a lot better:

CERN produces 3x10 p/cycle ~      p/yr7 _
10

15 _
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Dan Brown is right: 
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BUT:

0.5 g antimatter = 4.5 · 1013 J

Total energy needed (efficiency =10-9 ) : 4.5 · 1022 J
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But what about antimatter bombs ?

Antimatter (1) - Summer Students 2009 38

20 kt TNT = 8.4 · 1013 J
0.5 g antimatter 
+ 0.5 g matter

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

BUT:

0.5 g antimatter = 4.5 · 1013 J

Total energy needed (efficiency =10-9 ) : 4.5 · 1022 J

Electricity discount price CERN 
[1 kWh = 3.6 · 106 J = 0.1 !] 

Price ~ 1,000,000,000,000,000 !

Delivery time ~ 1 000 000 000 years

But what about antimatter bombs ?
...but not a lot better:

....so, can (rare, expensive and difficult-to-produce) antimatter be used for anything useful?

CERN produces 3x10 p/cycle ~      p/yr7 _
10

15 _
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The usefulness of antimatter
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The usefulness of antimatter
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...it’s certainly an inspiration for the imagination of artists...
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The artistic value of antimatter
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Gold:
(50 kCHF/kg)

Antimatter (positrons):
(50 kCHF/GBq)

(1.5 GBq   Na source will produce about 
10  e ~ 10   g)

22

17 + -10

The monetary value of antimatter
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The monetary value of antimatter
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The end 
(really, this time)
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