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background & motivation: CPT symmetry & WEP

antihydrogen (Hbar) 1S-2S transition frequency = 2,466,061,103,079.4(5.4) kHz :
2 ppt comparison between conjugate species!

what would be next: cooling & gravity test with Hbar
what else: positron charge + hyperfine constant + Lamb shift + antiproton radius + …

what is after, towards ppq ? H + Hear trapping: same electromagnetic & gravitational environment
how : MISu @ UFRJ

what about tritium ?

conclusion

Testes Fundamentais de Física com Antihidrogênio (CPT e WEP)  
e Trício (Neutrinos)
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Edital FAPERJ n.º 12/2011
PROGRAMA "Cientista do Nosso Estado — 2011"

 
O Governo do Estado do Rio de Janeiro, a Secretaria de Estado de Ciência e Tecnologia e a Fundação Carlos Chagas Filho de

Amparo à Pesquisa do Estado do Rio de Janeiro – FAPERJ – fazem saber, por via do presente Edital, que estão abertas as inscrições para a
seleção de projetos coordenados por pesquisadores vinculados a Instituições de Ensino e Pesquisa sediadas no Estado do Rio de Janeiro, no
âmbito do programa "Cientista do Nosso Estado – 2011", conforme segue:
 
1. Objetivos

As bolsas "Cientistas do Nosso Estado", ou "Bolsas de Bancada para Projetos – BBP", destinam-se a apoiar, por meio de
concorrência, projetos coordenados por pesquisadores de reconhecida liderança em sua área, com vínculo empregatício em instituições de
ensino e pesquisa sediadas no estado do Rio de Janeiro. As propostas selecionadas receberão recursos mensais por 36 (trinta e seis) meses,
visando prover apoio para o desenvolvimento de seus projetos de pesquisa (item 5).
 
2. Elegibilidade e restrições
2.1 São elegíveis neste Edital os pesquisadores que tenham:

!        grau de doutor e reconhecida liderança em sua área, com produção científica de alta qualidade, compatível
com o nível de pesquisador 1 do CNPq, especialmente nos últimos cinco anos;

!        ao menos uma orientação de doutorado concluída, não sendo consideradas, como critério de elegibilidade, co-
orientações ou orientações em andamento;

!        ao menos uma orientação de doutorado em andamento, não sendo consideradas co-orientações;
!        obtido financiamento a pesquisas por meio de agências de fomento nacionais, estaduais ou internacionais,

pró-reitorias, fundações e empresas públicas ou privadas;
!        vínculo empregatício com centros de pesquisas, universidades ou instituições de ensino e pesquisa sediadas

no estado do Rio de Janeiro.
 

2.2 Não são elegíveis nesta modalidade de apoio:
!        pesquisadores que recebam bolsas de pós-doutorado de qualquer agência de fomento ou fundação, bem

como professores visitantes ou que tenham vínculo temporário com instituições;
!        pesquisadores contemplados nos editais "Cientista do Nosso Estado – 2009 e 2010";
!        pesquisadores com pendências (inadimplentes) junto a FAPERJ; a eventual aceitação da documentação não

garante que o projeto será avaliado.
 
2.3 Os pesquisadores apoiados por este edital deverão desenvolver, em cada um dos anos de vigência de suas bolsas, ao
menos uma atividade científica/tecnológica (palestra, curso, exposição etc.) em escolas públicas (níveis fundamental ou
médio) sediadas no Estado do Rio de Janeiro;
2.4 As propostas submetidas neste edital que não se enquadrem nos objetivos e/ou que não atendam aos critérios de elegibilidade serão
desclassificadas.
 
3. Enquadramento e critérios de seleção
3.1 Serão considerados na avaliação das propostas:

!        o mérito técnico-científico, sua articulação entre as metas do projeto, histórico de associações com redes
cooperativas de pesquisa e a sua adesão aos termos deste edital;

!        a relevância para o desenvolvimento científico, tecnológico, econômico e social do Estado do Rio de Janeiro;
!        a demonstração da capacidade de formação de recursos humanos;
!        o potencial multiplicador do projeto, por meio da articulação com outros grupos consolidados;
!        a participação de jovens pesquisadores na equipe responsável pelo projeto de pesquisa;
!        a participação em programas de pós-graduação stricto sensu em instituições sediadas no estado do Rio de

Janeiro;
!        a clareza quanto à definição dos fatos e metas relativos ao acompanhamento e avaliação, pela FAPERJ, da

evolução do trabalho desenvolvido;
!        a experiência e a capacidade técnica do proponente do projeto;
!        a infraestrutura disponível na instituição para a realização das atividades de pesquisa relativas ao

desenvolvimento dos projetos propostos;
!        Curriculum vitae do proponente.

 
3.2 As propostas serão analisadas por uma Comissão Especial de Julgamento, designada pela diretoria da FAPERJ;
3.3 Os resultados do julgamento serão divulgados na página da FAPERJ na Internet e comunicados aos solicitantes, por meio do sistema
inFAPERJ, em data constante no cronograma (item 6).

Você está em: Página Inicial > Programas > Edital nº 12/2011 - "Cientista do Nosso Estado — 2011"

 Página inicial Fundação Bolsas Auxílios Programas Comunicação Serviços inFAPERJ

mailto:lenz@if.ufrj.br
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1 - CPT theorem, base of the Standard Model:

“CPT and Lorentz Tests in Hydrogen and Antihydrogen”, Robert 
Bluhm, V. Alan Kostelecký, and Neil Russell, PRL 82, 2254 (1999)

MPQ, Garching web page

2 - Equivalence Principle: g, or g+∆g ??

laser

“Motivations for antigravity in General  Relativity”,  
G.Chardin, Hyp. Interact. 109, 83 (1997) 

3 - Main Motivation: (Bariogenesis)
- where is the primordial  antimatter? 
=> Any discrepancy in (1) ou (2): Major 
Revolution in Physics - beyond the SM

ATHENA/ALPHA Collaboration @ CERN’s: Antihydrogen vs. Hydrogen

(MPQ, Garching web page)
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CPT symmetry

2018
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CPT symmetry
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Spectrum and measured frequency: 
2 x 10-12 compatibility: Hbar & H(projected)

Nature 557, 71(2018) 
ALPHA Collab.

       fd−d(H) = 2,466,061,103,080.3(0.6)kHz 

 fd−d(anti-H) = 2,466,061,103,079.4(5.4)kHz 

The most precise and accurate comparison of conjugated species

Ground Trapped
States
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antiproton 
preparation

positron
preparation

antihydrogen synthesis
and trapping
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Cryogenic Optical Cavity: 
designed & made in Brasil

(ECR)B-field
measure

26. Oliveira, A. N. et al. Cryogenic mount for mirror and piezoelectric 
actuator for an optical cavity. Rev. Sci. Instrum. 88, 063104 (2017). 
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Trapped Hbar (2018) in perspective: trapped H (1996) 

-300 -200 -100 0 100 200 300
detuning, D (kHz @ 243nm)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

N
o

rm
a

liz
e

d
 s

ig
n

a
l

Disappearance, r
s
(D)

Appearance, r
l
(D)

1000mW Simulation

-300 -200 -100 0 100 200 300
detuning, D (kHz @ 243nm)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

S
ig

n
a

 n
o

rm
a

liz
e

d
 t

o
 1

0
0

0
m

W

1150mW Simulation
1000mW Simulation
900mW Simulation

700 1000 1300
laser power (mW)

50

60

70

80

90

100

110

F
W

H
M

 (
kH

z 
@

 2
4

3
n

m
)

Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Nature 557, 71(2018) 
ALPHA Collab.

Matter, 
Trapped

AntiMatter, 
Trapped
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Near Future: Linewidth & laser beam waist W0 and Cooling
Approximate Lineshape (perturbation)

- no AC Stark, no saturation - 
based on CLC, JPB 49, 074001(2016) 
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Phys. Rev. A 64, 023418 (2001) 

C. Cesar

Phys. Rev. Lett. 77, 255–258 (1996) 
C.L. Cesar et al.(MIT H+ group)

Phys. Rev. A 59, 4564 (1999) 

C. Cesar, D. Kleppner

δωres ~ 100 rad/s
δωres/ω ~ 6x10-15 

Hbar Spectroscopy Objectives: resemblance of trapped H!?
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Laser cooling of Hbar: cover page @ Nature (April/21)
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ALPHA-g : towards the observation of antimatter fall
CLC, Hyperfine Interactions 109 (1997) 293–304 

g

first proposal of this experiment:
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and talking about µW: (anti)hyperfine constant

Magnetic field [T]
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Hbar charge 
Nature Commun. 5,3955(2014); Nature 529, 373(2016)

An improved limit on the charge of antihydrogen from stochastic acceleration

|Q| < 0.71 p.p.b. at a 68.3% (1σ) confidence level 

combined with ASACUSA measurement of pbar charge 
⇒ charge anomaly of the positron to 1 p.p.b. (1σ),  

a 25-fold improvement on the best previous bound 
 

Q = (-1.2+-1.1+-0.4)x10-8 e
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CLC,  J. Phys. B 49 (2016) 074001 (antiH issue)

13

Laser Excitation & 
Photoionization

Pbar 
Detection
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H & Hbar in the same trap: gravitational & electromagnetic

Trapping H in ALPHA 2 (same environment)
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Ne or H2 solid film 

Implant species with 
laser ablation 

Sublimate the matriz at 
cryogenic temperature

Deposition Process Sublimation & Trapping
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Matrix Isolation Sublimation (MISu):  
a general technique for cold atoms, molecules and ions
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Li in Ne

Li in H2

Li in H2 (special)
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Matrix Isolation Sublimation (MISu):  
a general technique for cold atoms and molecules

MISu: a made-in-Rio technique to produce cryogenic beams 
of atoms and molecules: 

robust [Rev. Sci. Instrum.86, 073109 (2015)] 

Further Developments: 
⇒ heteronuclear molecules 

⇒ H/D/T cold beam (~ 1K) spectroscopy 

⇒ traps for atoms and molecules 

⇒ H-/T- cold beam : transporting into ALPHA & Project8(?)
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Matrix Isolation Sublimation and Mass Spectrometry: Anions & Cations

Preli
minary
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Matrix Isolation Sublimation (MISu):  
cold anions (Temático FAPERJ): H-, T-, Li-, Ca-

B_sapphire = 293.2 mT
L = 493.366 m Rext = 35.8174 mm

Length = 10.15 mm
BSap

BTrap
= 0.92925

Reflected H ∼ 12.1859 %

B_trap = 315.523 mT
R_trap = 150.732 mΩ

L = 58.1528 m
mass = 3.45708 Kg
Length = 34.878 mm
RExt : 65.6972 mm
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Matrix Isolation Sublimation (MISu):  
cold anions (Temático FAPERJ): H-, T-, Li-, Ca-
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PROJECT-8: a compact method to measure neutrino’s mass: T decay

* (I am not a member)
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Perspectives with cold Anions: H- , T-, …

H- : Easy to guide into ALPHA’s antihydrogen Penning+Magnetic Trap

 Easy to neutralize via photo detachment with a single laser pulse ~100% efficiency

=> Direct comparison of Hbar X H in the same trap: electromagnetic and gravitational field

T- : Easy to guide into a magnetic field environment such as PROJECT-8’s cell

 Easy to neutralize via photo detachment with a single laser pulse ~100% efficiency

=> Interesting possibility for neutrino mass measurement via µwave frequency measurement of the 
highest energy decaying betas.

Other anions: astrophysical, molecular, sensors …
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InfraStructure - Instrumentation  
Being Developed & Desired

 Superconduting Magnets & HTS Current Leads (High-Tc)

 Lasers & Frequency Metrology (Optical Frequency Combs,  Atomic Clocks)

Photodetectors in the UV & VUV (Lyman-ALPHA)

Optical Cavities - Cryogenic

Mechanical/Electronic Constructions
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ALPHA @ CERN 
1s-2s full spectrum (2017-2018): parts in 1012 

⇒ very high precision 10-15: Hbar & H in same trap  

CPT (in)valid ? Only nature has the answer !? 
Lyman-alpha 1s-2p spectroscopy & laser cooling 
µW spectroscopy: hyperfine constant: <10-4 
⇒ ALPHAg: gravitational acceleration 

Matrix Isolation Sublimation (MISu) @ UFRJ 
hydrogen super-spectroscopy: cold beam & trap 

nuclear/isotopic physics (neutrinos = T) 
heteronuclear molecules & exotic clusters 

scientific metrology program

Conclusions/Perspectives/Acknowledgements

ALPHA ATHENA

antiHydrogen (ALPHA @ CERN): prospects are formidable … 
… we started this program with the object of study not yet 

existent. We learned to make it, to trap it and now we perform 
laser spectroscopy to 12 significant figures: the most precise & 

accurate measurement on antimatter ever made! 

 - will CPT be a good symmetry of Physics ? 
- will antihydrogen fall the same way under gravity ? 

only nature has those answers ! 
but we have learned how to ask ! 

MISu (@ UFRJ):  
a new way of trapping H, T (neutrinos), and molecules (?) 

trapping H in the same trap as anti-H: towards 10-15
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The End

always looking for interested students: 
- se você é um bom estudante, e desejar trabalhar 
com antimatéria, obter uma formação experimental 
substancial envolvendo várias técnicas experimentais 

(vácuo, criogenia, lasers, ótica, eletrônica, RF & µW, 
supercondutividade, simulação, etc) fazendo física 
fundamental e quem sabe (talvez) participar de uma 

revolução na física ... 

nos procure: lenz@if.ufrj.br

mailto:lenz@if.ufrj.br
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CPT symmetry
Symmetry Operations / Background 

“P” - parity, space inversion: -r  <=>  +r 
“C” - charge conjugation: e-  <=>  e+ 

“T” - time reversal: -t  <=>  +t 

P(’57)          CP(‘80)                              Hydrogen (1s-2s)           

C. Yang 
1957 

T.D.Lee 
1957

J. Cronin 
1980 

V. Fitch 
1980

”Two-Photon Spectroscopy of Trapped 
Atomic Hydrogen”, Claudio L. Cesar, Dale G. 
Fried, Thomas C. Killian, Adam D. Polcyn, 
Jon C. Sandberg, Ite A. Yu, Thomas J. 
Greytak, and Daniel Kleppner, John M. Doyle, 
PRL 77, 255 (1996) 

2 parts in 1012 resolution 

“Improved Measurement of the Hydrogen 
1S–2S Transition Frequency”, Christian G. 
Parthey, Arthur Matveev, Janis Alnis, Birgitta 
Bernhardt, Axel Beyer, Ronald Holzwarth, 
Aliaksei Maistrou, Randolf Pohl, Katharina 
Predehl, Thomas Udem, Tobias Wilken, 
Nikolai Kolachevsky, Michel Abgrall, Daniele 
Rovera, Christophe Salomon, Philippe 
Laurent, and Theodor W. Hänsch, PRL 107, 
203001(2011) 

4 parts in 1015 accuracy
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CPT Theorem 

Quantum Field Theory 
Lorentz Local invariance 

Flat space 
particles  X antiparticles 

opposite charge, but 
same mass, magnetic moment, mean life, ... 

atom X anti-atom 
same quantum structure

(G..Gabrielse from
Particle Data Group)
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CERN’s Antiproton Decelerator (AD)
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University of Aarhus,  
Denmark 

Auburn University, USA    University of British  
Columbia, Canada  

University of California  
Berkeley, USA  

Simon Fraser University, 
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ALPHA ~ Ioffe-Pritchard 
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ALPHA: Pbar annihilation = pions imaged in a silicon vertex detector
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Trapped antihydrogen
G. B. Andresen1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4, P. D. Bowe1, E. Butler4, C. L. Cesar5, S. Chapman3,
M. Charlton4, A. Deller4, S. Eriksson4, J. Fajans3,6, T. Friesen7, M. C. Fujiwara8,7, D. R. Gill8, A. Gutierrez9, J. S. Hangst1,
W. N. Hardy9, M. E. Hayden2, A. J. Humphries4, R. Hydomako7, M. J. Jenkins4, S. Jonsell10, L. V. Jørgensen4, L. Kurchaninov8,
N. Madsen4, S. Menary11, P. Nolan12, K. Olchanski8, A. Olin8, A. Povilus3, P. Pusa12, F. Robicheaux13, E. Sarid14, S. Seif el Nasr9,
D. M. Silveira15, C. So3, J. W. Storey8{, R. I. Thompson7, D. P. van der Werf4, J. S. Wurtele3,6 & Y. Yamazaki15,16

Antimatter was first predicted1 in 1931, by Dirac. Work with high-
energy antiparticles is now commonplace, and anti-electrons are
used regularly in themedical technique of positron emission tomo-
graphy scanning. Antihydrogen, the bound state of an antiproton
and a positron, has been produced2,3 at low energies at CERN (the
European Organization for Nuclear Research) since 2002.
Antihydrogen is of interest for use in a precision test of nature’s
fundamental symmetries. The charge conjugation/parity/time
reversal (CPT) theorem, a crucial part of the foundation of the
standard model of elementary particles and interactions, demands
that hydrogen and antihydrogen have the same spectrum. Given
the current experimental precision of measurements on the hydro-
gen atom (about two parts in 1014 for the frequency of the 1s-to-2s
transition4), subjecting antihydrogen to rigorous spectroscopic
examination would constitute a compelling, model-independent
test of CPT. Antihydrogen could also be used to study the gravita-
tional behaviour of antimatter5. However, so far experiments have
produced antihydrogen that is not confined, precluding detailed
study of its structure. Here we demonstrate trapping of antihydro-
gen atoms. From the interaction of about 107 antiprotons and
73 108 positrons, we observed 38 annihilation events consistent
with the controlled release of trapped antihydrogen from ourmag-
netic trap; themeasured background is 1.46 1.4 events. This result
opens the door to precision measurements on anti-atoms, which
can soon be subjected to the same techniques as developed for
hydrogen.
Charged particles of antimatter can be trapped in a high-vacuum

environment in Penning–Malmberg traps, which use axial electric
fields generated by hollow cylindrical electrodes and a solenoidal mag-
netic field to provide confinement. The ALPHA apparatus, located at
the Antiproton Decelerator6 at CERN, uses several such traps to accu-
mulate, cool and mix charged plasmas of antiprotons and positrons to
synthesize antihydrogen atoms at cryogenic temperatures. ALPHA
evolved from the ATHENA experiment, which demonstrated produc-
tion and detection of cold antihydrogen at CERN in 20022.
In addition to the charged particle traps necessary to produce anti-

hydrogen, ALPHA features a novel, superconducting magnetic trap7

(Fig. 1) designed to confine neutral antihydrogen atoms through inter-
action with their magnetic moments. The atom trap—a variation on
the Ioffe–Pritchard minimum-magnetic-field geometry8—comprises
a transverse octupole9,10 and two solenoidal ‘mirror’ coils, and sur-
rounds the interaction region where antihydrogen atoms are pro-
duced. In comparison with a quadrupole field (used in traditional
atom traps) producing an equal trap depth, the transverse field of an

octupole has been shown to greatly reduce the perturbations on
charged plasmas9,10. The liquid helium cryostat for the magnets also
cools the vacuum wall and the Penning trap electrodes; the latter are
measured to be at about 9K. Antihydrogen atoms that are formedwith
low enough kinetic energy can remain confined in the magnetic trap,
rather than annihilating on the Penning electrodes. The ALPHA trap
can confine ground-state antihydrogen atoms with a kinetic energy, in

1Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 2Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada. 3Department of
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de Janeiro 21941-972, Brazil. 6Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 7Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada.
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Figure 1 | The ALPHA central apparatus and mixing potential.
a, Antihydrogen synthesis and trapping region of the ALPHA apparatus. The
atom-trap magnets, the modular annihilation detector and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-Tmagnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5mm and the minimum-
magnetic-field trap has an effective length of 274mm. Each silicon module is a
double-sided, segmented silicon wafer with strip pitches of 0.9mm in the z
direction and 0.23mm in the w direction. b, The nested-well potential used to
mix positrons and antiprotons. The blue shading represents the approximate
space charge potential of the positron cloud. The z position ismeasured relative
to the centre of the atom trap.
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ALPHA Collaboration @ CERN: First trapped anti-atoms


