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- conclusões



Workshop RENAFAE– 27/04/2022 D. M. Silveira (UFRJ) Slide 3

Introdução

O Experimento ALPHA: Aparato Experimental

an8prótons

pósitrons

ALPHA-2
- sistema ``turnkey’’, 100% operacional;
- acesso óp8co;
- aplicação de microondas;
- medidas espectroscópicas (laser/𝜇ondas).

ALPHA-g
- parcialmente operacional;
- acesso óp8co;
- sem interface para microondas;
- medidas gravitacionais e
espectroscópicas.
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Introdução

Microondas no Experimento ALPHA: mo;vação

i.medidas espectroscópicas na região de microondas: teste direto de CPT

➡ 𝜇ondas induzem transições de

estados aprisionáveis para estados

não-aprisionáveis de anD-H;

➡ parFculas que escapam se

aniquilam nas paredes da

armadilha e são detetadas.
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Observation of the hyperfine spectrum of 
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. Gutierrez12,13, 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. Stracka7,22, 
G. Stutter2, C. So11, T. D. Tharp23, J. E. Thompson17, R. I. Thompson11, D. P. van der Werf3,24 & J. S. Wurtele8

The observation of hyperfine structure in atomic hydrogen by Rabi 
and co-workers1–3 and the measurement4 of the zero-field ground-
state splitting at the level of seven parts in 1013 are important 
achievements of mid-twentieth-century physics. The work that 
led to these achievements also provided the first evidence for the 
anomalous magnetic moment of the electron5–8, inspired Schwinger’s 
relativistic theory of quantum electrodynamics9,10 and gave rise to 
the hydrogen maser11, which is a critical component of modern 
navigation, geo-positioning and very-long-baseline interferometry 
systems. Research at the Antiproton Decelerator at CERN by the 
ALPHA collaboration extends these enquiries into the antimatter 
sector. Recently, tools have been developed that enable studies of the 
hyperfine structure of antihydrogen12—the antimatter counterpart 
of hydrogen. The goal of such studies is to search for any differences 
that might exist between this archetypal pair of atoms, and thereby 
to test the fundamental principles on which quantum field theory is 
constructed. Magnetic trapping of antihydrogen atoms13,14 provides 
a means of studying them by combining electromagnetic interaction 
with detection techniques that are unique to antimatter12,15. Here 
we report the results of a microwave spectroscopy experiment in 
which we probe the response of antihydrogen over a controlled 
range of frequencies. The data reveal clear and distinct signatures of 
two allowed transitions, from which we obtain a direct, magnetic-
field-independent measurement of the hyperfine splitting. From a 
set of trials involving 194 detected atoms, we determine a splitting 
of 1,420.4 ± 0.5 megahertz, consistent with expectations for 
atomic hydrogen at the level of four parts in 104. This observation 
of the detailed behaviour of a quantum transition in an atom of 
antihydrogen exemplifies tests of fundamental symmetries such as 
charge–parity–time in antimatter, and the techniques developed here 
will enable more-precise such tests.

In an earlier experiment12 using the original ALPHA  apparatus16, we 
demonstrated microwave-induced spin flips in trapped  antihydrogen. 
The current work was carried out using the second- generation 
ALPHA-2 device (Fig. 1), operating at the CERN Antiproton 
Decelerator17. Unlike their matter counterparts, antihydrogen atoms 
must be synthesized18 by merging cold plasmas of antiprotons and 
positrons in specially configured Penning–Malmberg traps. In the 

ALPHA-2 device, we typically mix 90,000 antiprotons, slowed and 
 captured from the Antiproton Decelerator, with 1.6 million positrons 
from a Surko-type accumulator19 to produce about 25,000  antihydrogen 
atoms. These numbers are monitored in daily baseline measurements 
that involve ejecting particles onto a multichannel plate detector.

Of the produced antihydrogen atoms, only a few will have low 
enough kinetic energies (0.54 K in temperature units) to be trapped 
in our superconducting, multipolar, magnetic-minimum trap. The 
 current state-of-the-art is that about 20 atoms can be trapped from 
a single  mixing sequence, and we have accumulated up to 74 atoms 
by repetitive mixing (M.A. et al., submitted). A single mixing and 
 capture sequence takes  approximately 4 min, the bulk of which is used 
for preparation of  plasmas of  appropriate temperature, size and density 
(M.A. et al., submitted). The actual  mixing process takes less than 1 s. 
The trapped antimatter atoms can survive for at least 1,000 s in the 
cryo-pumped ultrahigh vacuum of ALPHA-2.

Referring to Fig. 1, the antiproton and positron plasmas are 
merged in the central Penning trap (yellow electrodes) to produce 
 antihydrogen. An external solenoid magnet provides a uniform 1-T 
field for the Penning trap. The production region is near the centre 
of the magnetic-minimum trap, which comprises an octupole coil for 
transverse confinement of neutral anti-atoms and five short solenoids 
(‘mirror coils’) that can shape the axial trapping well. The trapping 
 volume is cylindrical, with a diameter of 44.35 mm and length of 
280 mm. For the current experiment, only the outer two mirror coils 
are used to create the axial well.

Antihydrogen atoms that leave the trap and annihilate on the 
 electrodes of the Penning trap are registered by the ALPHA-2 
 annihilation detector20. This three-layer silicon vertex detector that 
surrounds the trapping volume (Fig. 1) determines the vertex position 
of the antiproton annihilation. The amount of trapped antihydrogen 
can be determined destructively at any time by intentionally ramping 
down the trapping magnets to release anti-atoms, while monitoring 
their annihilations. The dominant background in our experiment 
comes from cosmic rays, which trigger the detector at an average rate 
of 10.02 ±  0.02 s−1 (all errors herein are one standard deviation).

To distinguish antiproton annihilations from cosmic rays, we 
use extended versions of our previously developed methods of 
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Investigation of the fine structure of 
antihydrogen

The ALPHA Collaboration*

At the historic Shelter Island Conference on the Foundations of Quantum Mechanics 
in 1947, Willis Lamb reported an unexpected feature in the !ne structure of atomic 
hydrogen: a separation of the 2S1/2 and 2P1/2 states1. The observation of this separation, 
now known as the Lamb shift, marked an important event in the evolution of modern 
physics, inspiring others to develop the theory of quantum electrodynamics2–5. 
Quantum electrodynamics also describes antimatter, but it has only recently become 
possible to synthesize and trap atomic antimatter to probe its structure. Mirroring the 
historical development of quantum atomic physics in the twentieth century, modern 
measurements on anti-atoms represent a unique approach for testing quantum 
electrodynamics and the foundational symmetries of the standard model. Here we 
report measurements of the !ne structure in the n = 2 states of antihydrogen, the 
antimatter counterpart of the hydrogen atom. Using optical excitation of the 1S–2P 
Lyman-α transitions in antihydrogen6, we determine their frequencies in a magnetic 
!eld of 1 tesla to a precision of 16 parts per billion. Assuming the standard Zeeman and 
hyper!ne interactions, we infer the zero-!eld !ne-structure splitting (2P1/2–2P3/2) in 
antihydrogen. The resulting value is consistent with the predictions of quantum 
electrodynamics to a precision of 2 per cent. Using our previously measured value of 
the 1S–2S transition frequency6,7, we !nd that the classic Lamb shift in antihydrogen 
(2S1/2–2P1/2 splitting at zero !eld) is consistent with theory at a level of 11 per cent. Our 
observations represent an important step towards precision measurements of the 
!ne structure and the Lamb shift in the antihydrogen spectrum as tests of the charge–
parity–time symmetry8 and towards the determination of other fundamental 
quantities, such as the antiproton charge radius9,10, in this antimatter system.

The fine-structure splitting of the n = 2 states of hydrogen is the sepa-
ration of the 2P3/2 and 2P1/2 levels at zero magnetic field. This splitting, 
predicted by the Dirac theory of relativistic quantum mechanics11, origi-
nates from the spin–orbit interaction between the non-zero orbital 
angular momentum (L = 1) and the electron spin. The ‘classic’ Lamb shift 
is defined as the splitting between the 2S1/2 and 2P1/2 states at zero field12, 
and is a manifestation of the interaction of the electron with the quantum 
fluctuations of the vacuum electromagnetic field, an effect explained 
by quantum electrodynamics (QED)12–14. Today, it is understood that 
the classic Lamb shift in hydrogen is dominated by the QED effects on 
the 2S energy level, and that the 1S level receives even stronger QED 
corrections than the 2S level12,13. Although QED corrections in levels 
n ≠ 2 are now also sometimes referred to as Lamb shifts, in this Article 
we restrict our definition of the Lamb shift to be the classic n = 2 shift.

In a magnetic field, the Zeeman effect causes the 2P3/2 state to also 
split into four sublevels (labelled 2Pa, 2Pb, 2Pc and 2Pd), whereas the 2S1/2 
and 2P1/2 states each split into two (2Sab and 2Scd; 2Pe and 2Pf). These 
fine-structure levels further split into two hyperfine states owing to 
the proton spin (see Fig. 1 for the expected energy levels for the case 
of antihydrogen, where the spin orientations are reversed with respect 
to those of hydrogen.)

Lamb’s original work used the then newly developed techniques of 
an excited-state atomic hydrogen beam and resonant microwave spec-
troscopy to study direct transitions between the n = 2 fine-structure 
states in various magnetic fields. The Lamb shift was then determined 
to 10% precision by extrapolating frequency measurements to zero 
field1. Here, we report the observation of the splitting between the 2Pc 
and 2Pf states in antihydrogen in a field of 1 T, by studying laser-induced 
transitions from the ground state. Assuming the validity of the Zeeman 
and hyperfine interactions, and using the value of the previously meas-
ured 1S–2S transition frequency7, we infer from our results the values 
of the zero-field fine-structure splitting and the classic Lamb shift in 
antihydrogen. Such studies have become possible owing to the com-
bination of several recent advances: the accumulation15 of hundreds 
of anti-atoms in each run, their confinement for many hours16, control 
of the hyperfine polarization of the antihydrogen samples17 and the 
development of a narrow-line, pulsed, Lyman-α laser6,18.

Details of the production, trapping and control of antihydrogen in 
the ALPHA experiment have been provided elsewhere6,7,15–25, so the fol-
lowing description is brief. The ALPHA-2 apparatus (Fig. 2) incorporates 
a cylindrical magnetic trapping volume (about 400 cm3) for neutral 
anti-atoms; the magnetic-field minimum at the centre of the trap was 
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Introdução

Microondas no Experimento ALPHA: mo;vação

ii. seleção de estados (``purificação’’ da amostra): para as medidas (com laser) da transição

1S – 2S (teste direto de CPT)

iii. medida precisa do campo magnéDco na armadilha através da Ressonância de Cíclotron

de Elétrons (Electron Cyclotron Resonance – ECR): relevante para os experimentos

espectroscópicos e gravitacionais
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Microondas no ALPHA-g

Microondas no ALPHA-g: Requisitos

- ALPHA-g não foi projetado com interface para entrada de microondas
- para observar as transições b-c e a-d, é preciso f ~ 28 - 30 GHz, P ~ 1 W
- 𝜇ondas devem ser injetadas o mais próximo possível da região de aprisionamento:

▪ ambiente de ultra-alto vácuo;

▪ temperaturas criogênicas;

- geometria não-trivial;

▪ sem materiais ferromagnéDcos próximo às regiões de aprisionamento/transporte.
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Microondas no ALPHA-g

Microondas no ALPHA-g: Opções

injeção superior

injeção inferior

- decisão (2019): projetar/construir ambos os sistemas, decidir instalação a posteriori
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Microondas no ALPHA-g

Microondas no ALPHA-g: Cabos/Guias

- cabo coaxial semi-rígido: isolamento de teflon

atenuação de 3,5 dB/m (Cu/teflon) e 23 dB/m (inox/teflon)

problemas de vazamento virtuais

- guia de onda rígido: pouco práDco (``caminho’’ até a armadilha não é direto)

- cabo coaxial KAP-5: isolamento de Kapton

perdas inaceitáveis

- guia de onda flexível:

BeCu (Penn Engineering, US)

WR-42 (18 – 26 GHz, funciona até 30 GHz)

atenuação de 1 dB/m (@300 K)

múlDplas seções com flanges indivivualizadas
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Microondas no ALPHA-g

Microondas no ALPHA-g: Janelas

- requisitos: transparente para 30 GHz;

compaFvel com ultra-alto vácuo e capaz de suportar 𝝙P ~ 1 atm;

compaFvel com as outras seções do guia flexível

- projetos finais:

- construídas por CPI – Comm. and Power Ind. (US)

- materiais: Cu (ok), Invar e Quartzo (ferromagnéDcos)
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Microondas no ALPHA-g

Microondas no ALPHA-g: Gerenciamento Térmico

- sistema deve ser ancorado termicamente: pequena condução térmica para região fria

ancoragem térmica @50 K

entrada de 𝜇ondas @300 K

inserção de 𝜇ondas na região de aprisionamento @4 K
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Microondas no ALPHA-g

Microondas no ALPHA-g: Componentes de Vácuo

- componentes existentes foram adaptados e outros foram completamente refeitos: Lesker

(GB) e Main Workshop - CERN
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Microondas no ALPHA-g

Microondas no ALPHA-g: Problemas

- no processo de brasagem (forno): guias de onda flexíveis enrijeceram

solda fluiu para o interior do guia

- durante a instalação (inserção inferior): sistema mais longo do que o necessário
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Microondas no ALPHA-g

Microondas no ALPHA-g

- sistema instalado em outubro/2021
- 1a. medida de ECR: fevereiro/2022

- conclusões/perspecDvas:

▪ sistema instalado e em operação, com boa potência mesmo em altas frequências

▪ construção (no Brasil) de um sistema com o comprimento correto

▪ caracterização da atenuação do sistema (no Brasil)

▪ instalaçnao do sistema modificado (no CERN) em agosto/2022
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Microondas no ALPHA-g

Magnetos Supercondutores

- no Rio: magnetos normais, supercondutores e permanentes para armadilhas

armadilhas de Penning (solenóides normais e supercondutores secos)

armadilhas para neutros (anD-Helmholtz ou Ioffe-Pritchard)

- no CERN: possibilidade do uso de magnetos CCT
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Microondas no ALPHA-g

Instrumentação - Outras Contribuições

ALPHA-2
- projeto e construção da cavidade ressonante
para o laser 1S – 2S (CLC/RLS/ANO)

ALPHA-g
- sistema de guiamento do feixe
Ly-Alpha 121 nm (DMS);
- automação da mistura de gases
para geração de 121 nm (DMS) ;
- sistema de suporte/ancoragem
térmica da armadilha (DMS) .


