


X
X



SAMEED MUHAMMED



MY JOURNEY

Islamabad 2007 - 2011
Cornell University (USA)

2011 - 2012
KAUST (Saudi Arabia)



2013 - Present
CERN (Switzerland)



6

ANTIMATTER FACTORY





WHAT’S THE MATTER  
WITH 

ANTIMATTER?



VIDEO OF THE
FIRST DISCOVERY

OF

ANTIMATTER





Highlights

• Antimatter is real 

• We can create and trap antimatter 

• We can see and study antimatter (with our detectors) 

• We can use antimatter (for example in medical 
imaging) 

• Antimatter physics is really cool and really fun!



WHAT IS
ANTIMATTER?

WHAT IS
MATTER?
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Paul Dirac (1928)

SO, WHAT IS
ANTIMATTER?

Quantum Theory

Special Relativity
+

C



Paul Dirac (1928) Carl Anderson (1932)

SO, WHAT IS
ANTIMATTER?

2 solutions!

…this means 
anti-electron!

+ solution
- solution -> wait a second

-> electron
-> unphysical



SO, WHAT IS
ANTIMATTER?

• Matter particles have “twins” with same mass, but 
opposite charge

- +Matter :
Electron Proton

Antimatter :
Positron Antiproton

+ -

(1932) (1955)



SO, WHAT IS
ANTIMATTER?

same mass

same spin

opposite charge



SO, WHAT IS
ANTIMATTER?

• Neutral (anti)atoms

Matter : -

+

Hydrogen

Antimatter : +

-Antihydrogen



WHEN MATTER  
MEETS ANTIMATTER…

Watch Out!

+

-



WHEN MATTER  
MEETS ANTIMATTER…

Watch Out!• Annihilation!

• Conversion to Energy



WHEN MATTER  
MEETS ANTIMATTER…

• Positron / Electron:  photons (511 keV)

• Antiproton / Proton: Many possibilities - Pions, etc.

positron / electron 
Annihilation

proton / antiproton
Annihilation



HOW MUCH ENERGY 
IS THERE IN  

ANTIMATTER?

101

103

105

107

109

1011

Chemical Fission Fusion Antimatter
(O2/H2) (U235) (D-T) (p-p)

En
er

gy
de

ns
ity

 [
kJ

/g
]

Energy density comparison 
[maximum efficiency]



HOW TO USE ENERGY 
FROM  

ANTIMATTER?
• Starships? - need “only” 1 ton to go to alpha centauri!

• Bombs? - need “only” 1/4 g to blow up the Vatican!



HOW MUCH ENERGY 
IS THERE IN  

ANTIMATTER?
10 grains of (anti)rice = 0.25 grams

E = 2 mc2 = 2 (0.25x10-3)(3x108)2 = 45 Trillion Joules
1 kiloton of TNT = 4.2 Trillion Joules

10 grains of rice + 10 grains of anti-rice = 10 kiloton of TNT
atomic bomb dropped on Hiroshima = 14 kiloton of TNT

and contained 64kg of enriched uranium!

More than enough to destroy the Vatican City!
How long before we have an Antimatter Bomb?



do some math …20 Trillion Years!!!!!!!!!!

TIME AND COST OF 
PRODUCING 
ANTIMATTER

~30 Million antiprotons every 2 minutes
In order to create 0.25 grams, we just need to wait…

Antimatter NOT a viable weapon! :)

Antimatter NOT a future energy source!



WHAT IS
ANTIMATTER  

USED FOR?



POSITRON EMISSION 
TOMOGRAPHY 

(PET) SCAN



ANTIPROTON 
RADIATION  
THERAPY

Antiproton Cell Experiment (ACE) at CERN

• antiprotons four 
times as potent 
as protons 

• clinical 
applications still 
many years 
away

Plot of energy deposited by different forms of radiation



CAN WE ALSO USE 
ANTIMATTER  

TO SOLVE SOME OF THE 
PUZZLES OF THE UNIVERSE?



THE PUZZLE
• Annihilation is symmetric - like a mirror image. 

• So is pair-production (the opposite process). 
 
 
 

• The Universe started from energy, the big bang… 
so there should be equal amounts matter & 
antimatter… but there isn’t… and it’s worse...

E = 2x511 keV

e-

e+

E = 2x511 keV



0.0000%

Fraction of Antimatter in the Visible Universe?



Going through the looking glass…

We need to determine what, if anything is different about antimatter…



INVESTIGATING THE 
ANTIMATTER WORLD

• Scientists are looking at antiparticles individually, 
like positrons, antiprotons, etc. 

• But we are also looking at more complex antimatter 
systems, like anti-atoms…



THE SIMPLEST 
(ANTI)ATOM

Matter : -

+

Hydrogen

Antimatter : +

-Antihydrogen



WHY IS ANTIHYDROGEN 
IMPORTANT?

• Only pure antimatter system so far 

• Antihydrogen is neutral 

• High-precision comparisons with hydrogen



ANTIHYDROGEN 
SPECTROSCOPY

• H-H̅ comparison by 
1s-2s two photon 
spectroscopy.
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Motivation for 1S-2S Spectroscopy

The 1S-2S transition frequency in hydrogen is one of the most 
precisely measured numbers in physics:

38

f1S−2S = 2466061413187035(10) Hz



LET’S MAKE SOME 
ANTIHYDROGEN!

• Positrons: β+ decay from a radioactive source 

• Antiprotons: high-energy collisions in a particle 
accelerator



WHERE TO MAKE 
ANTIPROTONS?

AD (CERN)

FAIR (GSI)

AA (FERMILAB)



LINAC 4
Protons

41

Antiproton Decelerator (AD) at CERN
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THE ANTIPROTON DECELERATOR
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ANTIPROTON 
PRODUCTION

• Energetic proton creates Proton/Antiproton pair 

• Charge/Mass selected

Cern Proton Synchrotron

-+

(and other stuff)

+

26 GeV/c

3.7 GeV/c





ANTIPROTON
COOLING



ELECTRON
COOLING



ELECTRON
COOLING



STOCHASTIC
COOLING

Beam



STOCHASTIC
COOLING



AD EXPERIMENTAL AREA
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AD Experimental Area
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AL HA

ALPHA Setup

p̄

e+





How are we holding on to 
this “stuff” !?

Magnetic Field

V

V

Electric Field





Atoms are Neutral





Atoms are tiny magnets…

N

S

N

S



Suspending magnets by 
magnets…



Antihydrogen trapping



Antihydrogen trapping



EVOLUTION OF ANTIHYDROGEN PRODUCTION

1995 
first antihydrogen atoms created at LEAR facility at CERN

2002 
ATHENA and ATRAP created thousands of “cold” antihydrogen atoms

2010 
first “trapped” antihydrogen made at ALPHA

2011 
ALPHA traps antihydrogen for 1,000 seconds

2014  
ALPHA-2 goes online!

Quick History Lesson



EVOLUTION OF ANTIHYDROGEN TRAPPING
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Magnetically Trapped 
Atoms

N
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FIRST QUANTUM 
TRANSITIONS

• A trapped atom in the ground 
state, even if there is only one, 
is a platform for starting to 
compare antihydrogen and 
hydrogen.  

• Diagnostic of one H̅ :   
Annihilation detection 

• Method : Lose H̅ resonantly  
from the trap by inducing a 
spin flip

E
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Experimental Procedure 2016

Create trapped antihydrogen atoms by mixing antiproton and 
positron plasmas (about 20 atoms)

Clear out any remaining charged particles

300s laser exposure

Ramp down magnets to detect remaining atoms

3 types of trials:

On Resonance
Off Resonance
No Laser

11 repetitions of each trial were conducted

70



Results: Disappearance Mode
Count the atoms left in the trap after laser exposure

71

Type Detected Event Background Uncertainty

On Resonance 67 0.7 8.2

Off Resonance 159 0.7 13

No Laser 142 0.7 12
(detector efficiency: 0.688)

On and Off Resonance differ by 92 ± 15 counts



Results: Appearance Mode
Look for annihilations during the 300s laser exposure times

72

Type Detected Event Background Uncertainty

On Resonance 79 28.4 8.9

Off Resonance 27 28.4 5.2

No Laser 30 28.4 5.5
(detector efficiency: 0.376)
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Observation of the 1S–2S transition in trapped 
antihydrogen
M. Ahmadi1, B. X. R. Alves2, C. J. Baker3, W. Bertsche4,5, E. Butler6, A. Capra7, C. Carruth8, C. L. Cesar9, M. Charlton3, S. Cohen10, 
R. Collister7, S. Eriksson3, A. Evans11, N. Evetts12, J. Fajans8, T. Friesen2, M. C. Fujiwara7, D. R. Gill7, A. Gutierrez13, J. S. Hangst2, 
W. N. Hardy12, M. E. Hayden14, C. A. Isaac3, A. Ishida15, M. A. Johnson4,5, S. A. Jones3, S. Jonsell16, L. Kurchaninov7, N. Madsen3, 
M. Mathers17, D. Maxwell3, J. T. K. McKenna7, S. Menary17, J. M. Michan7,18, T. Momose12, J. J. Munich14, P. Nolan1, K. Olchanski7, 
A. Olin7,19, P. Pusa1, C. Ø. Rasmussen2, F. Robicheaux20, R. L. Sacramento9, M. Sameed3, E. Sarid21, D. M. Silveira9, S. Stracka22, 
G. Stutter2, C. So11, T. D. Tharp23, J. E. Thompson17, R. I. Thompson11, D. P. van der Werf3,24 & J. S. Wurtele8

The spectrum of the hydrogen atom has played a central part in 
fundamental physics over the past 200 years. Historical examples of 
its importance include the wavelength measurements of absorption 
lines in the solar spectrum by Fraunhofer, the identification 
of transition lines by Balmer, Lyman and others, the empirical 
description of allowed wavelengths by Rydberg, the quantum 
model of Bohr, the capability of quantum electrodynamics to 
precisely predict transition frequencies, and modern measurements 
of the 1S–2S transition by Hänsch1 to a precision of a few parts in 
1015. Recent technological advances have allowed us to focus on 
antihydrogen—the antimatter equivalent of hydrogen2–4. The 
Standard Model predicts that there should have been equal amounts 
of matter and antimatter in the primordial Universe after the Big 
Bang, but today’s Universe is observed to consist almost entirely 
of ordinary matter. This motivates the study of antimatter, to see if 
there is a small asymmetry in the laws of physics that govern the two 
types of matter. In particular, the CPT (charge conjugation, parity 
reversal and time reversal) theorem, a cornerstone of the Standard 
Model, requires that hydrogen and antihydrogen have the same 
spectrum. Here we report the observation of the 1S–2S transition 
in magnetically trapped atoms of antihydrogen. We determine that 
the frequency of the transition, which is driven by two photons 
from a laser at 243 nanometres, is consistent with that expected 
for hydrogen in the same environment. This laser excitation of a 
quantum state of an atom of antimatter represents the most precise 
measurement performed on an anti-atom. Our result is consistent 
with CPT invariance at a relative precision of about 2 × 10−10.

Experimental comparison of the spectra of hydrogen and antihy-
drogen was one of the main scientific motivations for the construction 
of CERN’s Antiproton Decelerator5. Of utility is the 1S–2S transition, 
owing to the long lifetime (about 1/8 s) of the 2S state and the associated 
narrow frequency width of the transition (a few hertz at 2.5 ×  1015 Hz). 
A comparison of the hydrogen and antihydrogen frequencies for this 
transition is therefore potentially an extremely sensitive test of CPT 
symmetry. However, the technological challenges related to addressing 
antihydrogen with laser light are extreme, because antihydrogen does 
not occur naturally and must be synthesized and judiciously protected 
from interaction with atoms of normal matter—with which it will 

annihilate. Working with only a few anti-atoms at a time represents 
a further challenge, when compared to spectroscopy on 1012 atoms of 
trapped hydrogen6.

Low-energy antihydrogen was first synthesized2 in 2002. This feat 
was later repeated7–9, and in 2010 antihydrogen was successfully 
trapped3 to facilitate its study. It was subsequently shown that anti- 
atoms could be held4 for up to 1,000 s, and various measurements 
have been performed on antihydrogen in the context of tests of CPT  
symmetry10–12 or gravitational studies13.

The central portion of ALPHA-2, our second-generation trapping 
device for antihydrogen, is shown schematically in Fig. 1. Antihydrogen 
is synthesized by mixing plasmas of antiprotons from the antiproton 
decelerator (about 90,000 particles) and positrons from a Surko-type 
accumulator14,15 (about 1.6 million particles). The techniques used in 
this experiment yield about 25,000 antihydrogen atoms per mixing 
attempt.

Antihydrogen atoms can be trapped in the multipolar, supercon-
ducting trap if they have a kinetic energy of less than about 0.5 K  
(in temperature units). The trap comprises a set of ‘mirror coils’—short 
solenoids that generate the axial confinement well—and an octupole for 
transverse confinement. Trapped antihydrogen is detected by ramping 
down the currents in the magnetic trap over 1.5 s and detecting the 
annihilation of the antiproton when the released atoms hit the wall 
of the trap. We use a three-layer silicon vertex detector16 to image the 
annihilation vertex position of each detected atom. Event topology is 
used to distinguish antiproton annihilations from cosmic rays, which 
continually trigger the detector at an average rate of 10.02 ±  0.04 s−1 
(± 1s.d.).

The particle manipulations that are necessary to produce trappable 
antihydrogen atoms have been described elsewhere3,4,17; we note only 
that recent innovations (Methods) in these techniques have provided a 
large improvement in the number of trapped anti-atoms available per 
trial compared to the best previous result12. The antihydrogen produc-
tion method involves a new technique in which we ‘stack’ anti-atoms 
resulting from two successive mixing cycles, which originate from 
independent shots of antiprotons from the antiproton decelerator and 
accumulations of positrons. We trapped on average about 14 anti-atoms 
per trial, compared to 1.2 in previous work12.

1Department of Physics, University of Liverpool, Liverpool L69 7ZE, UK. 2Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 3Department of Physics, College 
of Science, Swansea University, Swansea SA2 8PP, UK. 4School of Physics and Astronomy, University of Manchester, Manchester M12 9PL, UK. 5Cockcroft Institute, Sci-Tech Daresbury, Warrington 
WA4 4AD, UK. 6Physics Department, CERN, CH-1211 Geneve 23, Switzerland. 7TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada. 8Department of Physics, University of 
California at Berkeley, Berkeley, California 94720-7300, USA. 9Instituto de Fisica, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-972, Brazil. 10Department of Physics, Ben-Gurion 
University of the Negev, Beer-Sheva 84105, Israel. 11Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada. 12Department of Physics and Astronomy, 
University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada. 13Department of Medical Physics and Biomedical Engineering, University College London, London WC1E 6BT, UK. 
14Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada. 15Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan. 
16Department of Physics, Stockholm University, SE-10691 Stockholm, Sweden. 17Department of Physics and Astronomy, York University, Toronto, Ontario M3J 1P3, Canada. 18École Polytechnique 
Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), Lausanne CH-1015, Switzerland. 19Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia V8P 5C2, 
Canada. 20Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA. 21Soreq NRC, Yavne 81800, Israel. 22Universitá di Pisa and Sezione INFN di Pisa, Largo 
Pontecorvo 3, 56127 Pisa, Italy. 23Physics Department, Marquette University, PO Box 1881, Milwaukee, Wisconsin 53201-1881, USA. 24IRFU, CEA/Saclay, F-91191, Gif-sur-Yvette Cedex, France.
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Milestone achieved after 30 years of hard work!
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Experimental Procedure 2017

Trap antihydrogen (about 40 atoms)

Clear out any remaining charged particles

300s laser exposure at fixed frequency near transition

Ramp down magnets to detect remaining atoms

Interspersed trials of 4 different laser frequencies in a 
frequency “set”

4 sets of 4 frequencies completed over 10 weeks

9 unique laser frequencies used on ~15,000 atoms

74
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2017 Result
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frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 
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Characterization of the 1S–2S transition in 
antihydrogen
M. Ahmadi1, B. X. R. Alves2, C. J. Baker3, W. Bertsche4,5, A. Capra6, C. Carruth7, C. L. Cesar8, M. Charlton3, S. Cohen9,  
R. Collister6, S. Eriksson3, A. Evans10, N. Evetts11, J. Fajans7, T. Friesen2, M. C. Fujiwara6, D. R. Gill6, J. S. Hangst2*, W. N. Hardy11, 
M. E. Hayden12, C. A. Isaac3, M. A. Johnson4,5, J. M. Jones3, S. A. Jones2,3, S. Jonsell13, A. Khramov6, P. Knapp3, L. Kurchaninov6, 
N. Madsen3, D. Maxwell3, J. T. K. McKenna6, S. Menary14, T. Momose11, J. J. Munich12, K. Olchanski6, A. Olin6,15, P. Pusa1,  
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In 1928, Dirac published an equation1 that combined quantum 
mechanics and special relativity. Negative-energy solutions to 
this equation, rather than being unphysical as initially thought, 
represented a class of hitherto unobserved and unimagined 
particles—antimatter. The existence of particles of antimatter was 
confirmed with the discovery of the positron2 (or anti-electron) by 
Anderson in 1932, but it is still unknown why matter, rather than 
antimatter, survived after the Big Bang. As a result, experimental 
studies of antimatter3–7, including tests of fundamental symmetries 
such as charge–parity and charge–parity–time, and searches for 
evidence of primordial antimatter, such as antihelium nuclei, have 
high priority in contemporary physics research. The fundamental 
role of the hydrogen atom in the evolution of the Universe and in the 
historical development of our understanding of quantum physics 
makes its antimatter counterpart—the antihydrogen atom—of 
particular interest. Current standard-model physics requires that 
hydrogen and antihydrogen have the same energy levels and spectral 
lines. The laser-driven 1S–2S transition was recently observed8 in 
antihydrogen. Here we characterize one of the hyperfine components 
of this transition using magnetically trapped atoms of antihydrogen 
and compare it to model calculations for hydrogen in our apparatus. 
We find that the shape of the spectral line agrees very well with that 
expected for hydrogen and that the resonance frequency agrees 
with that in hydrogen to about 5 kilohertz out of 2.5 × 1015 hertz. 
This is consistent with charge–parity–time invariance at a relative 
precision of 2 × 10−12—two orders of magnitude more precise than 
the previous determination8—corresponding to an absolute energy 
sensitivity of 2 × 10−20 GeV.

The transition of interest here, between the ground state and the first 
excited state of antihydrogen, has an energy of about 10.2 eV. The fre-
quency of this transition in hydrogen has been measured8 to a few parts 
in 1015. We previously demonstrated7 the existence of the transition 
in antihydrogen, localizing the frequency to a few parts in 1010. Here 
we characterize the spectral line shape of the transition to the limits of 
precision of our current apparatus.

Matter and antimatter annihilate each other, so antihydrogen must be 
synthesized and then held in ultrahigh vacuum, in isolation from mat-
ter, to be studied. The ALPHA-2 apparatus at CERN (Fig. 1) combines 
antiprotons from the antiproton decelerator9 with positrons from a 
positron accumulator10, 11 to produce and trap12 atoms of antihydrogen. 
Antihydrogen can be trapped in ALPHA-2’s magnetic multipole trap if 

it is produced with a kinetic energy of less than 0.54 K in temperature 
units. The techniques that we use to produce antihydrogen that is cold 
enough to trap are described elsewhere12–14. In round numbers, a typi-
cal trapping trial in ALPHA-2 involves mixing 90,000 antiprotons with 
3,000,000 positrons to produce 50,000 antihydrogen atoms, about 20 of 
which will be trapped. The anti-atoms are confined by the interaction 
of their magnetic moments with the inhomogeneous magnetic field. 
The cylindrical trapping volume for antihydrogen has a diameter of 
44.35 mm and a length of 280 mm.

The key to anti-atomic spectroscopy, as developed so far7, 15, 16, is to 
illuminate a sample of trapped antihydrogen atoms with electromag-
netic radiation (microwaves or laser photons) that causes atoms to be 
lost from the trap if the radiation is on resonance with the transition of 
interest. ALPHA-2’s silicon vertex detector17 (Fig. 1) affords us single- 
atom detection capability for the annihilation events associated with 
lost antihydrogen atoms or antiprotons that encounter the walls of the 
apparatus. The silicon vertex detector tracks the charged pions from 
the antiproton annihilation, and various reconstruction algorithms are 
used to determine the location (vertex) of each annihilation and to dis-
tinguish antiprotons from cosmic-ray background using multivariate 
analysis18 (Methods).

To excite the 1S–2S transition, we use a cryogenic, in vacuo enhance-
ment cavity (Fig. 1) for continuous-wave light from a 243-nm laser 
system (Methods) to boost the intensity in the trapping volume. Long 
interaction times are possible, because the anti-atoms have a storage 
lifetime of at least 60 h in the trap. Two counter-propagating photons 
can resonantly excite the ground-state atoms to the 2S state. Absorption 
of a third photon ionizes the atom, leading to loss of the antiproton 
from the trap. Atoms that decay from the 2S to the 1S state via coupling 
to the 2P state may also be lost, owing to a positron spin-flip19.

Referring to the energy-level diagram of hydrogen in Fig. 2, there 
are two trappable, hyperfine substates of the 1S ground state (labelled 
‘c’ and ‘d’). In practice, we find that these states are, on average, equally 
populated in our trap: Nc = Nd = Ni/2, where Ni is the number of 
ground-state atoms that are initially trapped in an experimental trial. 
The 2S state has corresponding hyperfine levels, and we refer to the 
transitions between the two manifolds as d–d (Fig. 2) and c–c (not 
pictured).

For each experimental trial, we first accumulate antihydrogen atoms 
from three mixing cycles or ‘stacks’13 and then remove any leftover 
charged particles using pulsed electric fields. After a wait of about 10 s 
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Laser Cooling Setup

antiproton 
preparation

positron
preparation

antihydrogen synthesis
and trapping

vacuum
liquid helium

air

solenoid solenoidmirror coils octupoleelectrodes cavity output 
coupler

cavity 
input coupler annihilation

detector

vacuum

piezo stack

a

b

1.0

1.2

1.4

1.6

1.8

-400 -300 -200 -100 0 100 200 300 400

Fi
el

d 
St

re
ng

th
 (T

)

Axial Position (mm)

p
e+



2021 Result
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2021 Result

83



ALPHA-g
(2018)
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Motivation for Antimatter Gravity

85Earth EarthAnti-Earth

Hydrogen Antihydrogen Antihydrogen



ALPHA-g
Conceptually simple experiment:

1. Create and trap antihydrogen atoms 
in a vertical trap

2. Release the atoms

3. Observe the annihilation distribution 
of the released atoms

ALPHA-g features

3m long, 50cm bore superconducting 
solenoid to provide background 
magnetic field

Two independent and identical 
antihydrogen traps to cancel 
systematics

One analysis trap in the center for 
precision measurements

A radial time-projection chamber (rTPC) 
annihilation detector
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ALPHA-g Status (Jan 2018)
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ALPHA-g Target (Sep 2018)
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ALPHA-g Completed (Nov 2018)
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SHUTDOWN



ALPHA-g Upgrades (2019 - 2021)
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ALPHA-g Restart (April 2022)
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RESTART



ALPHA-g Restart (April 2022 - Now)
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ALPHA-g Restart (April 2022 - Now)
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ALPHA-g Restart (April 2022 - Now)
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Results Coming Soon!



Where does this leave us ?

• We have created and trapped 
antihydrogen - an atom Nature has 
never made. 

• We have had the first quantum jumps 
and now additionally a glimpse 
(~10-12) inside… 

• We have chilled antihydrogen atoms to 
less than 1 mK above absolute zero!!! 

• We are now ready to make 
measurements on antimatter gravity…
finally! :)



And the missing 
antimatter ?

• It’s still gone. 

• We have seen no difference 
between the anti-world and 
the normal world so far 

• But we are getting very very 
close to finding out where it is 
hiding! :)



WHAT’S IN A BANANA?
Potassium

3 naturally occurring isotopes of potassium: K39, K40, and K41

1 out of every 100,000 decays of K40 produces a positron

For naturally occurring potassium, 117 ppm is K40 

K40 is unstable and radioactive: half-life of 3.938 x 1016 s

An average banana contains 450mg of potassium

Bananas => Potassium => Antimatter!!!



WHAT’S IN A BANANA?

1 banana = 450mg of potassium
= 6.93 x 1021 atoms of potassium
= 8.11 x 1017 atoms of K40

= 21 decays of K40 per second
= 1 positron produced every 81 minutes

DURING A 1-HOUR LECTURE 
~1 POSITRONS EMITTED BY A BANANA

Bananas => Potassium => Antimatter!!!



I’M GOING BANANAS!

WHAT’S THE 
ANTIMATTER  

WITH YOU?



Summary

• Antimatter is real 

• We can create and trap antimatter 

• We can see and study antimatter (with our detectors) 

• We can use antimatter (for example in medical 
imaging) 

• Antimatter physics is really cool and really fun!
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Thank You!

Questions?



ALPHA-2 EXPERIMENT



ALPHA-2 EXPERIMENT



ANTIMATTER  
VS 

DARK MATTER
Quarks Leptons

Up

Down Strange

Charm Top

Bottom

Electron

Electron 
Neutrino

Muon 
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Muon Tau
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ANTIMATTER  
VS 

DARK MATTER
DARK  

MATTER



Energy Budget of The Universe

Known [normal matter]
Known unknowns [dark matter]
Unknown unknowns [dark energy]
Antimatter ? : 0%



Dark Matter !?



Thank you 

for listening!


