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Production of  antimatter

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

The case of antiprotons

p+ p → p̄+ p+ p+ p

Pair production : Threshold energy at 5.6 GeV

Bevatron was right at threshold when producing the first antiprotons !

Need higher proton energies to produce more antiprotons
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Antiproton Cooling

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

• 26 GeV PS
• Max. production at 3.7 
GeV/c

• Sharp fall off of production 
cross section outside peak

Production at 26 GeV/c

Maximum production at 3.7 GeV/c 
(~ collection momentum)  
Sharp fall-off around the peak  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Antiprotons at lower energies

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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Antiprotons at lower energies
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Antiproton Cooling

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Cooling : reduce phase space and increase phase-space density

 
Cooling methods : 

- Stochastic cooling

- Electron cooling

Eh, Ev: horizontal, vertical emittances  
L: longitudinal spread  
N: number of particles 
∆p/p: momentum spread
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Electron cooling

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

electron collector electron 
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Le/C: fraction of circ. covered by electrons 
R: classical radii, F~ 0.3

before cooling
after cooling
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Δp/p < 10–4 

ε < 1 π mm mrad  
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Stochastic cooling

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

 
Measure beam center by pick-ups  
Correction signal to opposite 
kicker

Pioneered at CERN for discovery 
W,Z bosons

Nobel Prize S. van der Meer

Cooling power decreases with 
decreasing energy

Cooling time ~ number of particles
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LEAR

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Electron 
cooler 

Stochastic cooling lines 
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The Antiproton Decelerator

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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The AD Facility

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

A
SA
C
U
SA

A
LP
H
A

AEGISATRAP

B
A
SE

GB
AR

ELENA

All-in-one machine:

Antiproton capture

deceleration & cooling

100 MeV/c (5.3 MeV)

Pulsed extraction

2-4 x 107 antiprotons per 
pulse of 100 ns length 

1 pulse / 85−120 seconds
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ELENA

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Decelerator after the AD : 5.3 MeV -> 100 keV

In commissioning.  
Delivery of p̄ to all AD experiments planned for 2021  
Can be seen at the AD! 
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Penning traps

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Long trapping times 
require  
good vacuum!
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Penning traps

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Stefan Sellner et al.
“Improved limit on the directly measured antiproton 
lifetime”
New Journal of Physics, 19, (2017)

BASE :  P < 2. 10-18 mbar  
𝝉(p̄) > 10.2 years (68% 
confidence level)

Long trapping times 
require  
good vacuum!
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AD EXPERIMENTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

ASACUSA 
BASE 

ASACUSA 
ATRAP

ALPHA 
ATRAP 

ASACUSA 
AEGIS 
GBAR 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ANTIHYDROGEN EXPERIMENTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

ASACUSA 
ALPHA 
ATRAP

PR
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NEUTRALITY
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How to make antihydrogen

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

e+

p̄

Na22

AD
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How to make antihydrogen
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How to make antihydrogen
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How to make antihydrogen
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How to make antihydrogen
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How to make antihydrogen

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

e+

p̄

Na22

Ps

Cs*
Ps*

AD ASACUSA  
ALPHA  

ATRAP

AEGIS  
ATRAP

Antihydrogen ION !

GBAR
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EXPERIMENTAL CONCEPTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.

7

3-body recombination

p̄+ e+ + e+ → H̄ + e+

ASACUSA 
ALPHA 
ATRAP
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EXPERIMENTAL CONCEPTS
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keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
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A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
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fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
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7

3-body recombination

p̄+ e+ + e+ → H̄ + e+

Vs. Charge-exchange

p̄+ Ps⋆ → H̄⋆
+ e−
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ALPHA 
ATRAP

AEGIS 
(ATRAP)
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EXPERIMENTAL CONCEPTS
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7

3-body recombination

p̄+ e+ + e+ → H̄ + e+

Vs. Charge-exchange

p̄+ Ps⋆ → H̄⋆
+ e−

H̄ + Ps → H̄
+ + e

− (2)

p̄+ Ps → H̄ + e− (1)
Antihydrogen ion

ASACUSA 
ALPHA 
ATRAP

AEGIS 
(ATRAP)

GBAR
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Antiprotons at lower energies

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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Antiprotons at lower energies

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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Antiprotons at lower energies

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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ATHENA  Nature 419 
(2002) 456
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Spectroscopy of  H̄

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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Hyperfine splitting

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

21cm line

Image credit: NASA Image credit: NASA
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Hyperfine splitting

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

21cm line

Image credit: NASA Image credit: NASA

Pioneer plaque
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EXPERIMENTAL CONCEPTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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EXPERIMENTAL CONCEPTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

TRAP

Vs.

ALPHA-2 apparatus

ASACUSA apparatus

BEAM

ASACUSA apparatus
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STATUS OF GS-HFS OF H̄/H

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

In a TRAP:  
 Precision of ~  500 kHz

M. Ahmadi et al.  
Nature 548, 66–69 (2017)
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STATUS OF GS-HFS OF H̄/H

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

In a TRAP:  
 

In a BEAM:  
Precision of ~3Hz on HYDROGEN
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STATUS OF 1S-2S OF H̄

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

In a TRAP:  
Relative precision obtained : 2 × 10-12 (~ 5 kHz)

M. Ahmadi et al., Nature 557
71–75 (2018) 
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FUTURE GOALS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Comparison to H in the same apparatus

Constraints for further precision  
 -  More H̄

- Control the QS (for beam)

- Colder H̄ :

- Laser cooling (sympathetic cooling of particles/ions)  Be+, La-,C2- 
… 

- Lyman-alpha cooling of H̄  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ON THE GRAVITY SIDE

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

?
m̄g = m̄i

courtesy: http://newscenter.lbl.gov/2013/04/30/antimatter-up-down/ 
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ON THE GRAVITY SIDE

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Antigravity: gmatter = −gantimatter 
separation of matter and antimatter in Universe

Quantum gravity

Graviton (S=2) → add Gravivector (S=1), Graviscalar (S=0)  
simplest case: static potential

a: Gravivector, b: Graviscalar

− attractive (matter-matter), +: repulsive: matter-antimatter

matter experiments: |a−b|

antimatter:                a+b
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STATUS OF THE FIELD

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

-65 < g/ḡ < 110 
C. Amole et al. Nature 

Communications 4, 1785 (2013)
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FUTURE GOALS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

AEGIS : DEFLECTOMETER

S. Aghion et al. Nature 
Communications 5 
(2014) 4538

H̄

~1-10%

credit : P. Perez
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FUTURE GOALS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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FUTURE GOALS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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FUTURE GOALS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

ALPHA : VERTICAL TRAP 

~10% - 1%

GBAR : DROPING EXPERIMENT

~1%
First experiment connected to ELENA

credit : P. Perez

credit : P. Perez
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ANTIPROTON EXPERIMENTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

νz = 1 MHz

B

compensation
electrode
ring electrode

end cap

end cap

compensation
electrode

dEp/dt = Pcool = -I2R

               →cooling

LRC
U = I R

νc2		=		ν-2			+		νz2		+		ν+2	

G. Gabrielse, W. Quint (LEAR)

Inject antiprotons along magnetic 
field axis 

Energy ~ few keV

Precisions measurement : only 1 p̄

Detect image current in resonance 
circuit due to charge movement in 
the Penning trap

Detection by cryogenic resonance 
circuit (low noise)
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ANTIPROTON EXPERIMENTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

S. Ulmer et al., Nature 524, 
196–199 (2015)

νc =
1

2π

Qp̄

Mp̄

B
( Q
M
)p̄

( Q
M
)p

− 1 = 1(69)× 10−12
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MAGNETIC MOMENT OF P̄

ANTIPROTON EXPERIMENTS

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

gp,p̄

2
=

νL

νc
=

µp,p̄

µN

G. Schneider et al., Science 358, 
1081 (2017)

C. Smorra et al., Nature 550, 
371 (2017)

	

	

Previous work by the ATRAP 
collaboration Di Saccia et al. Phys. 
Rev. Lett. 110, 130801 (2013)350	fold	improvement

first	measurement	more	precise	for	antimatter	than	for	matter
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ANTIPROTONIC HELIUM

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot
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ANTIPROTONIC HELIUM

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

laser and microwave spectroscopy  
  
CPT test  
antiproton properties
mass,charge:             7x10−10      2011 
magnetic moment:    2.9x10−3     2009

Three-body system He++e–p̄, 
p̄ in highly excited, near circular 
states (n,l) ~ (38,37)

Comparison to 3-body QED 
calculations that use proton mass, 
magnetic moment
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“DAILY ”APPLICATIONS 

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Your body produces antimatter:

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

10 e+/s  !
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“DAILY ”APPLICATIONS 

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

Medical imaging : PET

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

e+ emitting 
isotope  
(C-11, N-13, O-15)

(Lifetimes  ~ few to 
100 minutes) 

Material  Science
positron lifetime spectroscopy : positron wave-
function can be localized in the attractive potential 
of a defect 
Check material structure, defects etc

Antiprotons in accelerators! 
Antiprotons for nuclear studies (PUMA)

Antiproton Therapy (under study) 
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A fuel?

   Most powerful fuel you can imagine. 
 
1g would be enough to drive a car around the earth for 1000 times or bring the 
space shuttle into orbit  
BUT ….

“DAILY ”APPLICATIONS 
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“DAILY ”APPLICATIONS 

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

1g of antimatter contains 90 TJ (~21kT of TNT) 
1g of p̄ ~ 6x1023

CERN produces 3x107 p̄/cycle ~  1015 p̄/yr
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1g of antimatter contains 90 TJ (~21kT of TNT) 
1g of p̄ ~ 6x1023

CERN produces 3x107 p̄/cycle ~  1015 p̄/yr

Almost a billion years needed to produce 1g (not saying trapping them all!)

Energy efficiency is about 10-9  

We need ~9x 1022 J

Electricity discount price @ CERN 1kWh =3.6 106 J =0.1€

2 000 000 000 000 000 €

a year of p̄ trapped and annihilating would illuminate a light bulb for 5s
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Enjoy your Summer Studentship!

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

AD PHYSICS PROGRAMME :  
 TESTING FUNDAMENTAL SYMMETRIES & CORNERSTONE OF SM 

TEST BODIES : EXOTIC ANTIMATTER ATOMS & ANTIPROTONS

>20 YEARS OF UNIQUE RESEARCH WITH ANTIHYDROGEN

ENTERING PRECISION AREA WITH ANTIHYDROGEN

MANY OTHER IDEAS : CHARGE NEUTRALITY, PROTONIUM 
SPECTROSCOPY, PORTABLE PBAR TRAP …

ANTIMATTER AS MEDICAL AND SCIENTIFIC TOOLS

OTHER APPLICATIONS OF ANTIMATTER?
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