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Antihydrogen



Recombination processes in plasma
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e- + AB+

AB* resonant state(s)

Capture

Autoionization

predissociation

To get high recombination rate, we need 

(a) efficient capture

(b) predissociation faster than auto-ionization



Electron-cold molecular ion reaction: Dissociative Recombination
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Recombination of H3
+ : No ion-neutral crossing
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Motivation for Antihydrogen Experiments

| Antihydrogen | = | Hydrogen 

| ? Gravity
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Production Methods

e+

p

(A) (B)

p + e+ H + h

p + e+ + e+ H + e+ 

I. ANTIPROTON + POSITRON (exp.demonstration: ATHENA and ATRAP)

II. ANTIPROTON + RYDBERG POSITRONIUM (exp.demonstration: ATRAP)

p + Ps* H + e-

EXPERIMENTAL RESULTS:

• TBR seems to be the dominant process (highly exicited antihydrogen)

• Warm antihydrogen atoms (production when vantiproton ~ vpositron)

PROMISING TECHNIQUE:

• Control of the antihydrogen quantum state

• Cold antihydrogen atoms (vantihydrogen ~ vantiproton)
Production

Method in AEGIS
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Antimatter history in a slide

• 1928: relativistic equation of the ½ spin electron (Dirac)

• 1929: electron sea and hole theory (Dirac)

• 1931: prediction of antimatter (Dirac, Oppenheimer, Weyl)

• 1932: discovery of positron in cosmic rays (Anderson)

• 1933: discovery of e-/e+ creation and annihilation (Blackett, Occhialini)

• 1937: symmetric theory of electrons and positrons

• 1955: antiproton discovery (Segre’, Chamberlain, Wiegand)

• 1956: antineutron discovery (Cork, Lambertson, Piccioni, Wenzel)

• 1995: creation of high-energy antihydrogen (CERN, Fermilab)

• 2002: creation of 10 K antihydrogen (Athena, Atrap)

• 2011: antihydrogen confinement (Alpha)

• 2013: preliminary Hbar gravity measurement (Alpha)  

• 2013: first Hbar beam (Asacusa)

Future: study of Antimatter properties !!

Cold Neutral Antimatter



1/9/2023 25-Mar-2014 - La Sapienza

Marco Giammarchi

Istituto Nazionale Fisica Nucleare - Milano

Study of fundamental Laws with Antimatter at CERN

• Introduction to Antimatter

• From hot to cold antimatter

• Theoretical motivation 

• Recent milestones

• The Aegis experiment 

• Conclusions and Outlook





Pure Electron Plasmas FP II 1/- 2018 

FIG. 1. The geometry of a simple Malmberg-Penning (M-P) trap with a photocathode electron 

source and phosphor screen diagnostic. The antimony (Sb) evaporator and cesium (Cs) source are 

used to fabricate the photocathode.

Fajans Group
Department of Physics

University of California

Berkeley



Pure electron plasma in M-P trap FP II 1- 2018 

FIG. 3. The evolution of a hollow column by the 

Diocotron instability.

FIG. 2. The evolution of two merging columns.

0.01 ms 0.50 ms 1.00 ms

Malmberg-Penning



FIG. 5. The \Go Bears!" evolution.



Nested Penning Trap FP II 1- 2018 



Malmberg  - Penning trap ◼ Production of Antihydrogen

◼ Antihydrogen confinement



Antimatter trap
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The latest news from ATHENA FP II 1- 2018 

November 22, 2006

ATHENA publishes results on laser stimulated formation of antihydrogen atoms.

October 9, 2006

ATHENA publishes evidence for the first formation of slow antiprotonic hydrogen (protonium) – the first antimatter chemistry. 
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Antiprotons: CERN’s “Accelerators”

The Antiproton Decelerator
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Antiparticle Trapping for Antihydrogen Physics

ECTI, Co. Durham – September 19-24 2010

Antiprotons: the AD, Antiproton Decelerator
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ALPHA: An Antihydrogen Trapping Experiment
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Antiprotons: Capture and Cooling

Antiproton Capture Trap

ATHENA

To (or close to) the 

trap temperature

The trap walls were cooled to 15 K

Similar apparatus used currently in 

ALPHA; method originally devised by 

Gabrielse and co-workers (PRL, 63, 1360 

(1989))
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Figure 1 Central part of the ATHENA apparatus and trapping 

potential. 

a, Schematic diagram, in axial section, of the ATHENA mixing 

trap and antihydrogen detector. The cylindrical electrodes and 

the position of the positron cloud (blue ellipse) are shown. A 

typical antihydrogen annihilation into three charged pions and 

two back-to-back 511-keV photons is also shown. The arrow 

indicates the direction of the magnetic field. The detector active 

volume is 16 cm long and has inner and outer diameters of 7.5 

cm and 14 cm, respectively. 

b, The trapping potential is plotted against length along the trap. 

The dashed line is the potential immediately before antiproton 

transfer. The solid line is the potential during mixing. 



Slow antiprotonic hydrogen (protonium FP II 1- 2018 

October 9, 2006  ATHENA 

first formation of slow antiprotonic hydrogen (protonium) –

the first antimatter chemistry. 

Antihydrogen is formed all along the positron plasma and lives long enough to annihilate on the wall. Protonium is formed 

mainly at the center of the positron plasma where the molecular hydrogen ions are concentrated and does not live long 

enough to annihilate on the wall, but instead annihilates in flight towards the wall.



The ATHENA experiment FP II 1- 2018 Cold Antihydrogen

The ATHENA experiment takes a completely different approach to producing antihydrogen. The idea is to 

produce antihydrogen atoms at low energy – essentially at rest – in order to be able to study their 

properties. The AD machine at CERN was built to take antiprotons, which are produced in high-energy 

collisions, and decelerate them to more manageable energies.

The ATHENA apparatus slows, cools, and traps antiprotons from the AD. The antiprotons are trapped in high 

vacuum in an electromagnetic ‘bottle’ known as a Penning trap. At the same time, positrons from a radioactive 

source are accumulated in another trap. The two clouds of charged particles (about 10000 antiprotons and 70 

million positrons) are mixed together to produce antihydrogen. All of this takes place in a cryogenic environment 

at about 15 degrees above absolute zero.

Antihydrogen atoms that are formed escape the electromagnetic trap because they have no net charge. They 

then annihilate and are detected by a specially built detector, unique to the ATHENA experiment. Antihydrogen 

produces a very characteristic annihilation signal in this detector, allowing researchers to confirm its production.

To date, ATHENA has directly detected 131±22 atoms of antihydrogen. This implies that 

about 50.000 anti-atoms were actually produced in the apparatus, since most of them escape detection.

The next step for ATHENA is to try to make measurements of the spectrum of antihydrogen and try to 

compare these to hydrogen. Any difference in these two spectra would require fundamental changes to our 

current model of matter and antimatter. These experiments could begin as early as next year, when the AD 

physics program resumes in May.

The ATHENA result is a significant milestone in antimatter science, and it opens the door to the 

anticipated application of modern techniques of atom trapping, cooling, and manipulation to the realm of atomic 

antimatter. Tests of the behaviour of antimatter under the influence of gravity are also an interesting future 

perspective.



Background FP II 1- 2018 

Background

Nature, as far as we know, consists of normal matter – atoms such as hydrogen and carbon, which in turn contain positively 

charged protons, uncharged neutrons and negatively charged electrons. However, physicists have known since the 1930’s 

that for each of the particle types of normal matter, there exists an equivalent particle of antimatter. Antimatter particles 

should have the same mass, but opposite charge, as their matter counterparts. Matter and antimatter don’t like to co-exist; if a 

particle meets its antiparticle, they annihilate in a burst of energy – often creating new particle-antiparticle pairs. The energy 

release during matter-antimatter annihilation is often the basis for futuristic propulsion schemes in popular science fiction 

literature, such as Star Trek. Cosmologists believe that there were equal amounts of matter and antimatter at the beginning of 

the Universe – the so-called Big Bang. Why the universe is now composed of matter is a topic of great interest in theoretical 

physics. According to the laws of physics as we understand them today, it should be possible to build a universe containing 

only antimatter. 

The laws of physics that govern the interactions of fundamental particles are often collectively referred to as The Standard

Model. The Standard Model places some restrictive conditions on the relationship between matter and antimatter. Thus, 

comparing the characteristics of matter and antimatter serves to test the underlying theory of the Standard Model. Essential 

to the Standard Model is the so-called CPT theorem, which involves discrete symmetries. The CPT theorem requires that the 

laws of physics be invariant under the following operation: all particles are replaced by their antiparticle counterparts (Charge 

conjugation), all spatial coordinates are reflected about the origin (Parity), and the flow of time is reversed (Time 

reversal). The CPT theorem has important implications for antimatter, including the above-mentioned mass equivalence of 

particle and antiparticle. 

The CPT theorem also requires that atoms and their anti-atom equivalents behave in the same way. For example, hydrogen 

and antihydrogen should have the same spectrum – the frequencies or colours of light that they emit and absorb. It has long 

been a goal of physicists to be able to produce atoms of anti-hydrogen, in order to compare their spectra with that of 

hydrogen. An antihydrogen atom consists of an antiproton (negatively charged) and a positron (the antimatter counterpart to 

the electron). Antihydrogen atoms were first reported to be observed at CERN in 1996 and at Fermilab (near Chicago in the 

USA) in 1998, but these experiments produced very few antihydrogen atoms, and these at velocities close to the speed of 

light. The antihydrogen lived for a very short time before colliding with normal matter and annihilating. There was no 

possibility for making precision comparison measurements of hydrogen and antihydrogen in these experiments, which only 

demonstrated the existence of antihydrogen. 



Schematic view of ASACUSA’s experimental apparatus. Antiprotons delivered from the antiproton decelerator via the radio-frequency 

quadrupole decelerator (RFQD) are trapped, electron-cooled and radially compressed in an ultra-slow antiproton beam source, named 

MUSASHI. Moderated positrons from a 22Na source are prepared and cooled in the positron accumulator and then are transported to the 

cusp trap. The cusp trap consists of multiple ring electrodes and superconducting anti-Helmholtz coils. After positrons are accumulated near 

the maximum magnetic field region, antiprotons are injected from the MUSASHI and mixed with positrons synthesizing antihydrogen 

atoms. Antihydrogen atoms in low-field-seeking states are focused downstream of the cusp trap due to the strong magnetic field gradient, 

while those high-field-seeking states are de-focused. Thus, a polarized antihydrogen beam is produced. Image credit: Kuroda N et al.

Kuroda N et al. 2014. A source of antihydrogen for in-flight hyperfine spectroscopy. Nature Communications 5, article 

number: 3089; doi: 10.1038/ncomms4089

Physicists from CERN’s Atomic Spectroscopy and Collisions Using Slow Antiprotons (ASACUSA) project say they have 

produced at least 80 atoms of antihydrogen.

http://home.cern/topics/antimatter

http://home.web.cern.ch/about/experiments/asacusa


25-Mar-2014 - La Sapienza1/9/2023

First Antihydrogen Beam

ASACUSA

N.Kuroda et al.

Nature Communications

DOI 10.1038/ncomms4089

Production and storage of 

positrons in the CUSP trap

Injection of antiprotons in 

the CUSP trap

Detection of Antihydrogen 2.7 m 

downstream in a magnetic field 

free environment
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ASACUSA weighs antimatter to one part in a billion

In a paper published today in the journal Nature, the Japanese-European ASACUSA experiment at CERN reported a new measurement of the antiproton’s mass accurate to about one part in a 

billion. Precision measurements of the antiproton mass provide an important way to investigate nature’s apparent preference for matter over antimatter.

To make these measurements antiprotons are first trapped inside helium atoms, where they can be ‘tickled’ with a laser beam. The laser frequency is then tuned until it causes the antiprotons to 

make a quantum jump within the atoms, and from this frequency the antiproton mass can be calculated. However, an important source of imprecision comes from the fact that the atoms jiggle 

around, so that those moving towards and away from the beam experience slightly different frequencies. A similar effect is what causes the siren of an approaching ambulance to apparently 

change pitch as it passes you in the street. In their previous measurement in 2006, the ASACUSA team used just one laser beam, and the achievable accuracy was dominated by this effect. This 

time they used two beams moving in opposite directions, with the result that the jiggle for the two beams partly cancelled out, resulting in a four times better accuracy.

ALPHA traps antimatter atoms for 1000 seconds

The ALPHA experiment at CERN reported today that it succeeded in trapping antimatter atoms for over 16 minutes: long enough to begin to study their properties in detail. ALPHA is part of 

a broad programme at CERN’s antiproton decelerator investigating the mysteries of one of nature’s most elusive substances.

ALPAH studied 300 trapped antiatoms. Trapping antiatoms will allow antihydrogen to be mapped precisely using laser or microwave spectroscopy so that it can be compared to the hydrogen 

atom, which is among the best-known systems in physics. Any difference between matter and antimatter should become apparent under careful scrutiny.

CERN

ATHENA and ATRAP create "cold" antimatter

Two CERN experiments, ATHENA and ATRAP, created thousands of atoms of antimatter in a “cold” state in 2002. Cold means that the atoms are slow moving, which makes it possible to 

study them before they meet ordinary matter and annihilate. Antihydrogen formed in the experiments when cold positrons and antiprotons were brought together and held in a specially 

designed “trap”. Once formed, the electrically neutral antihydrogen atoms drifted out of the trap and annihilated.

First antiatoms produced: antihydrogen, at CERN

A team led by Walter Oelert created atoms of antihydrogen for the first time at CERN’s Low Energy Antiproton Ring (LEAR) facility. Nine of these atoms were produced in collisions 

between antiprotons and xenon atoms over a period of 3 weeks. Each one remained in existence for about 40 billionths of a second, travelled at nearly the speed of light over a path of 10 

metres and then annihilated with ordinary matter. The annihilation produced the signal that showed that the anti-atoms had been created.

This was the first time that antimatter particles had been brought together to make complete atoms, and the first step in a programme to make detailed measurements of antihydrogen.

The hydrogen atom is the simplest atom of all, made of a single proton orbited by an electron. Some three quarters of all the ordinary matter in the universe is hydrogen, and the hydrogen 

atom is one of the best understood systems in physics. Comparison with antihydrogen offers a route to understanding the matter–antimatter asymmetry in the universe.

1995

2002

2011



ALPHA experiment shows antihydrogen charge is neutral

21 Jan 2016 – ALPHA shows the most accurate measurement yet of the electric charge of 

antihydrogen atoms in a new Nature paper

http://home.cern/about/updates/2016/01/alpha-experiment-shows-antihydrogen-charge-neutral


The ALPHA experiment is a successor of an earlier antimatter experiment, ATHENA. Set up in late 2005 with similar 

overall research goals as its predecessor, ALPHA makes, captures and studies atoms of antihydrogen and compares these 

with hydrogen atoms.

Creating antihydrogen depends on bringing together the two component antiparticles, antiprotons and positrons, in a 

trapping device for charged particles. Since antihydrogen atoms have no electric charge, once they form they can't be 

confined in such a device. In the ATHENA experiment the antiatoms would drift naturally to the walls of the trap. Because 

these walls were made of ordinary matter, the contact caused the antiatoms to annihilate a few microseconds after they were 

created.

ALPHA is picking up from where ATHENA left off. ALPHA uses a different trapping method to hold the antihydrogen 

atoms, and will keep them for a longer period before they annihilate with ordinary atoms.

In June 2011, ALPHA reported that it had succeeded in trapping antimatter atoms for over 16 minutes: long enough to 

begin to study their properties in detail. This should give the physicists time to take measurements and to find more answers

to the antimatter mystery.

Voir en français

Updates related to ALPHA

The ALPHA experiment explores the secrets of antimatter

3 Aug 2017 – The ALPHA experiment at CERN’s Antiproton Decelerator reports the first observation of the 

hyperfine structure of antihydrogen

ALPHA observes light spectrum of antimatter for first time

19 Dec 2016 – In a Nature paper, the ALPHA collaboration reports the first ever measurement on the optical 

spectrum of an antimatter 

CERN’s ALPHA experiment measures charge of antihydrogen

3 Jun 2014 – ALPHA reports a measurement of the electric charge of antihydrogen atoms, finding it to be compatible 

with zero to eight decimal places

ALPHA: Novel investigation of gravity and antimatter

30 Apr 2013 – The ALPHA collaboration has published a paper describing the first direct analysis of how antimatter 

is affected by gravity

Antimatter experiments present progress

15 Jan 2013 – At CERN today, the experiments at the Antiproton Decelerator presented updates on their work in 

2012, and their hopes for 2013

http://cern.ch/alpha
http://press.web.cern.ch/press-releases/2011/06/cern-experiment-traps-antimatter-atoms-1000-seconds
https://home.cern/fr/about/experiments/alpha
https://home.cern/about/updates/2017/08/alpha-experiment-explores-secrets-antimatter
https://home.cern/about/updates/2016/12/alpha-observes-light-spectrum-antimatter-first-time
https://home.cern/about/updates/2014/06/cerns-alpha-experiment-measures-charge-antihydrogen
https://home.cern/about/updates/2013/04/alpha-novel-investigation-gravity-and-antimatter
https://home.cern/about/updates/2013/01/antimatter-experiments-present-progress
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Resonant quantum transitions in 

trapped antihydrogen atoms

ALPHA trap

a. An illustration of the inner mixing trap electrodes surrounded by 

the octopole and mirror coil magnets as well as the Silicon detector. 

b. b. A plot of the on axis electric potential in the mixing trap region. 

Figure from: Andresen et al., "Trapped Antihydrogen" Nature, 2010

http://dx.doi.org/10.1038/nature09610


REALITA všedných dní FP II 1- 2018 

Figure 1: The ALPHA antihydrogen trap and its magnetic-field configuration.

a, A schematic view of the ALPHA trap. Radial and axial confinement of antihydrogen atoms is provided by an octupole

magnet (not shown) and mirror magnets, respectively. Penning trap electrodes are held at ~9 K, and have an inner diameter of 44.5 mm.

A three-layer silicon vertex detector surrounds the magnets and the cryostat. A 1 T base field is provided by an external solenoid (not shown).

An antiproton beam is introduced from the right, whereas positrons from an accumulator are brought in from the left.

b, The magnetic-field strength

in the y–z plane (z is along the trap axis, with z=0 at the centre of the magnetic trap).

Green dashed lines in this and other figures depict the locations of the inner walls of the electrodes.

c, The axial field profile, with an effective trap length of ~270 mm.

d, The field strength in the x–y plane.

e, The field-strength profile along the x axis.
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Temperature dependence of anti-H production

using different variables.
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B Zygelman , Department of Physics, University of Nevada Las Vegas, Las Vegas, NV 

89154, USA

Abstract: The formation of antihydrogen atoms via three-body recombination (TBR) of 

antiprotons with positrons is considered. A collisional radiative model for the recombination 

process is employed to study the time dependence of stateresolved antihydrogen 

populations. We show that at low temperatures T −9/2 scaling of theTBRcoefficient does not 

characterize the total recombination rate, and an alternative expression for the three-body 

rate coefficient is proposed. (Some figures in this article are in colour only in the electronic 

version)

This paper discusses the motion of the weakly bound atoms in the electric and magnetic field of the plasma and trap. The effective 

electric field in the moving frame of the atom polarizes the atom, and then gradients in the field exert a force on the atom. An

approximate equation of motion for the atom center of mass is obtained by averaging over the rapid internal dynamics of the atom.

Motion of guiding center drift atoms in 

the electric and magnetic field of a Penning trap

S. G. Kuzmin and T. M. O’Neil

Department of Physics, University of California at San Diego,
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By solving the set of balance equations we obtain:

We introduce:

In the low density limit ([He] and [H2]→ 0),     linear approximation 

(He/Ar/H2 mixture)
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