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Trapped Hydrogen @ MIT (Renewed Interest on cold H and techniques - many groups 
here!)

Trapped Antihydrogen @ ALPHA : H x Hbar ~ 2x10-12

Matrix Isolation Sublimation: cryogenic atoms, molecules and ions (cations and anions): 
applications in antihydrogen

(to do#1 & 2): Direct laser-spectroscopy(1) and trapping(2) of H&D from MISu

Summary / Perspectives

Hydrogen, at MIT and UFRJ, and Antihydrogen Laser 
Spectroscopy, at the ALPHA collaboration at CERN
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Edital nº 12/2011 - "Cientista do Nosso Estado — 2011"

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
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H trapping basics
 Hydrogen for Bose-Einstein Condensation 

Detection by µwave -> bolometric technique -> (1s-2s)           

high-field seekers: not trappable

low-field seekers: trappable

CLC's thesis

e, p
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MIT H+ trapping setup

Traditional Ioffe-Pritchard trap:  
2 mirror/pinch (helmholtz) coils +  

radial quadrupole

3He-4He dilution refrigerator 
10 mK (250 mK during discharge)

superfluid liquid helium-4 
covering all the cell’s surfaces

CLC's thesis

D. Fried's thesis

H onto l-He: 
1 K bound state 

initial load: 1014 atoms @ 40 mK 
(500 mK depth) @ n0~ 1013 cm-3 
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MIT H+ trapping evaporative cooling (H. Hess)

T. Killian’s thesis

saddle point evaporative 
cooling => 1D -> small hole -> 

delayed (ergodicity & scape) -> 
ineficient for BEC

Heating

from 0.8 T to 15-20 x 10-4T 
in 5 mins (-> 1011 atoms 
@ 1014 cm-3 @ 120 µK)

J. Doyle’s thesis

T. Killian’s thesis

bolometer  
(pW, efficient <100mK)
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MIT H+ trapping & spectroscopy setup
243nm laser

Lyman-alpha fluorescence 
upon electric-field

2S( 122 ms)

1S

2P

1 
R

y 
= 
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3 

nm
24

3 
nm

CLC's thesis

no freq. comb at the time: 
no absolute measurement

10-4 solid angle + MgF2 window+filter transmission  
+ MCP efficiency = 5x10-6 detection efficiency

mailto:ccesar@cern.ch


Claudio Lenz Cesar - 2023 - ccesar@cern.ch
Universidade do Brasil

LASER-IF-UFRJ 6

MIT H+ Spectroscopy (1S-2S)
243nm laser

Lyman-alpha fluorescence 
upon electric-field

2S( 122 ms)
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Data:

CLC's thesis

CLC's thesis

2S Lifetime
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MIT H+ Spectroscopy (1S-2S) : time-of-flight line shape 

ET

kT~400 µK

0

2 w0 ~ 80 µm

~ 540 µm

1012 atoms

CLC's thesis

time-of-flight lineshape: F. Biraben’s Thesis (Cagnac) 
 (cusped: double exponential)
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MIT H+ Spectroscopy: time-of-flight => transverse momenta exchange

Doppler Spectroscopy (plane wave): momentum impart

~E(~R,~k,w)

|g,pi>
|e,pf>

wg!e µ< e, ~p f |e~r ·~E|g,~pi >

µ µ j
eg < ~p f |ei~k·~RA(~R)|~pi >

(onda plana)) ~k f =~ki +~k
(h̄k f )2

2m
=

(h̄ki)2

2m
+

(h̄)2~k ·~ki

m
+

(h̄k)2

2m
Kf = Ki + h̄DwDoppler +Krecuo

DwDoppler =~k ·~v

|                               |2

time-of-flight lineshape: gaussian beam 
 (a better quantum mechanical look)

A(~R) µ e�(X2+Y 2)/(2w2(Z)))
gaussian beam => Fourier Transform => gaussian line shape 

for each transverse velocity profile accompanied by 
transverse momenta exchange

But in a trap: atomic momenta is QUANTIZED 
If the trap is harmonic near the bottom:  

equally spaced sidebands! 
Pictured as: 

Raman transition: electronic + 'atom-trap vibration’ 
or 'Multipass Ramsey Fringes’ Phys. Rev. A 59, 4564 (1999) 

C. Cesar, D. Kleppner
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MIT H+ Spectroscopy: 1S-2S record resolution (1995)

time-of-flight lineshape: gaussian beam 
in a quasi-harmonic trap

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
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Phys. Rev. A 64, 023418 (2001) 

C. Cesar

δωres ~ 100 rad/s   => δωres/ω ~ 6x10-15 
@ 100 µK for MIT trap
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 2s - metastable state (122 ms) 

2-counterpropagating photons: Doppler-free 
time-of-flight & Zeeman

MIT H+ Spectroscopy: experiment optimized for BEC (not 1S-2S)
BEC: Dale Fried, Thomas Killian, Lorenz Willmann, …
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Phys. Rev. A 64, 023418 (2001) 

C. Cesar

δωres ~ 100 rad/s   => δωres/ω ~ 6x10-15 
@ 100 µK for MIT trap
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MIT H+ Spectroscopy: experiment optimized for BEC (not 1S-2S)
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BEC: Dale Fried, Thomas Killian, Lorenz Willmann, …

Research discontinued after BEC …
but @CSF Ticino: 

Sergey Vasiliev, Thomas Udem, Pauline 
Yzombard, Paolo Crivelli,

Derya Taray, Stephen Hogan, Carina Killian.. 
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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) 

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

(MPQ, Garching web page)

Hg g+∆g ?H

2S( 122 ms)

1S
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H vs. Hbar
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(ALPHA-g : towards the observation of antimatter fall)
CLC, Hyperfine Interactions 109 (1997) 293–304 

g
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(ALPHA-g : towards the observation of antimatter fall)
CLC, Hyperfine Interactions 109 (1997) 293–304 

g
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(ALPHA-g : towards the observation of antimatter fall)
CLC, Hyperfine Interactions 109 (1997) 293–304 

g

Results Soon of 1st Observation

+ - g ?
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ALPHA Collaboration @ CERN: ALPHA-2 Laser Spectroscopy
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ALPHA Collaboration @ CERN: ALPHA-2 Laser Spectroscopy
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ALPHA-1 : Fields Configuration
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Antihydrogen 1S-2S

2018
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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

vacuum
window

photo
diode
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µ-waves

Cryogenic Optical Cavity: 
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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Antihydrogen 1S-2S
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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

Lineshapes 6
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Systematics

       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 

vs. H (?), it vanishes(202x)

already addressed (2022)

Nature 557, 71(2018) 
ALPHA Collab.

easy & laser cooling (2021)

* higher stats (2021)

can do a better job (2022)

Other which will dominate in 2021: 
laser power (AC StarkShift) & cavity lock

*Statistics: with Hbar stacking: 7-10 weeks in 1 day!  

can do a better job (2023)
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Laser cooling of Hbar
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Laser cooling of Hbar
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Laser cooling of Hbar: Tables - new regime
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Trapped Hbar (2018) in perspective: trapped H (1996) 
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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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Trapped Hbar (2018) in perspective: trapped H (1996) 
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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

Towards parts 
in 1014-15: put H in sam

e trap
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CLC,  J. Phys. B 49 (2016) 074001 (antiH issue)

22

Laser Excitation & 
Photoionization

Pbar 
Detection

Re-stablish  
Penning Trap

X O

X O

X O

X O

X O

X O

MCP

Total Excited

Ionized

SpinFlipped

-100 -50 50 100 150 200Freq@kHzû243nmD

50
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Number
1Sd-2Sd Excitation û 300 s, 5 W, 100 um, 30 kHz

Total 
Detected

Ionized 
Detected

Spin-Flipped 
Detected

Detection (how to) - 1s-2s spectroscopy of trapped (anti)H 
H & Hbar in the same trap: gravitational & electromagnetic

Calculations for trapping H
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Ne or H2 solid film 

Implant species with 
laser ablation 

Sublimate the matriz at 
cryogenic temperature

Deposition Process

Ne
LiH

~ 4 K
Sapphire 
mirror

Matrix Isolation Sublimation (MISu):  
a general technique for cryogenic atoms, molecules, and ions

mailto:ccesar@cern.ch


Claudio Lenz Cesar - 2023 - ccesar@cern.ch
Universidade do Brasil

LASER-IF-UFRJ 23

Ne or H2 solid film 

Implant species with 
laser ablation 

Sublimate the matriz at 
cryogenic temperature

Deposition Process

Ne
LiH

~ 4 K
Sapphire 
mirror

Matrix Isolation Sublimation (MISu):  
a general technique for cryogenic atoms, molecules, and ions

mailto:ccesar@cern.ch


Claudio Lenz Cesar - 2023 - ccesar@cern.ch
Universidade do Brasil

LASER-IF-UFRJ 23

Ne or H2 solid film 

Implant species with 
laser ablation 

Sublimate the matriz at 
cryogenic temperature

Deposition Process Sublimation & Trapping

Ne
LiH

~ 4 K
Sapphire 
mirror

Matrix Isolation Sublimation (MISu):  
a general technique for cryogenic atoms, molecules, and ions

mailto:ccesar@cern.ch


Claudio Lenz Cesar - 2023 - ccesar@cern.ch
Universidade do Brasil

LASER-IF-UFRJ 23

Ne or H2 solid film 

Implant species with 
laser ablation 

Sublimate the matriz at 
cryogenic temperature

Deposition Process Sublimation & Trapping

Ne
LiH

~ 4 K
Sapphire 
mirror

X

O X

OCatch the 
slowest

or use cryogenic beam
!ii" vCM! 153 m!s

T! 700 mK

!1.0 !0.5 0.0 0.5 1.0
0

1

2

3

4

5

Scan !GHz"

O
pt
ic
al

D
en

si
ty
!x

10
"

Matrix Isolation Sublimation (MISu):  
a general technique for cryogenic atoms, molecules, and ions

Li D2 line
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Spectra of Li-7 (D2)

3 spaced ablation pulses
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Spectra of Li-7 (D2)

0.8 GHz ground  
state hyp. split

3 spaced ablation pulses
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Heteronuclear Molecules: 
(magnetic dipole moment/electric dipole moment) 

Formation in the matrix: possibilities for exotic and weakly bound

Gas Tube 
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Copper 

NiCr film 
Sapphire 

Ca 

Li Ca  H! CaH, LiCa, …

Matrix Isolation Sublimation and Mass Spectrometry
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Matrix Isolation Sublimation (MISu):  
cold anions: H-, Li-, …

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):  
trapped ions (cations..) 

t(s)

LASER Penning Trap 
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Matrix Isolation Sublimation (MISu):  
trapped ions (cations: mostly H+ …) 
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Matrix Isolation Sublimation (MISu):  
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Matrix Isolation Sublimation (MISu):  
trapped cryogenic (mostly p,  …)
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Matrix Isolation Sublimation (MISu):  
trapped cryogenic (mostly H- [3/4], e- …)

mailto:ccesar@cern.ch


Claudio Lenz Cesar - 2023 - ccesar@cern.ch
Universidade do Brasil

LASER-IF-UFRJ 31

Matrix Isolation Sublimation (MISu):  
trapped cryogenic (mostly e-,  …)
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Matrix Isolation Sublimation (MISu):  
trapped cryogenic (mostly e-,  …)

H- to e- ratio
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Matrix Isolation Sublimation (MISu): cryogenic ions

https://www.nature.com/articles/s42005-023-01228-7

cryoCrystals 
@  CSF(Ticino): 
Eric Hessels, 

Giovanni Carugno 
…(Paolo Crivelli)
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Matrix Isolation Sublimation (MISu): cryogenic ions
Beyond the manuscript (kelvins): retarding ions

Without trap: real cryogenic
Trap raises energy
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Matrix Isolation Sublimation (MISu): cryogenic ions
Beyond the manuscript (kelvins): retarding ions

Without trap: real cryogenic
Trap raises energy
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H-

Matrix Isolation Sublimation (MISu):  
(PRELIMINARY) proposal: H- for ALPHA Hbar trap

H− + γ(0.7 eV) → H + e−

mailto:ccesar@cern.ch


Claudio Lenz Cesar - 2023 - ccesar@cern.ch
Universidade do Brasil

LASER-IF-UFRJ 36

H,D,T beam spectroscopy 

heteronuclear molecular 
formation (process ?) 

trapping of H, Li, OH, 
CaH, KRb ...
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To Do #1: Matrix Isolation Sublimation:  
Direct H(1s-2s, 2s-…)/D/T.. spectroscopy from MISu

old lab
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To Do #2: Direct Trap from Matrix Isolation Sublimation

Route 1:  3 T high-L CW magnet 

B( T) B( T) B( T) 

 3 T  3 T  3 T x"

x"

x"

x"

x"

x"

Route 2: 1 T low-L switched magnet 

x"

x"

x"

x"

x"

x"

CLC,  J. Phys. B 49 (2016) 074001 (antiH issue) 
~107 - 109 trapped H

Build a new magnet
(dicussing details w/S. Vasiliev) 
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Perspectives with cold Anions: H- , T-, …
H- : Possible 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 same local

Other cryogenic anions/cations: astrophysical, molecular, sensors …

⇒ (next months) Scale UP production numbers & lower temperatures: 

solution looking for problems

Perspectives with cryogenically cold H/D atoms & Molecules
 Laser Spectroscopy 1S-2S, 2S-xxxx @ subK (?) beam samples

   Direct trapping paramagnetic atoms & molecules from MISu

Thanks to: MIT & ALPHA collaborators, and to team at UFRJ(Rio): Levi Azevedo, Rodolfo Costa, 
Alvaro Nunes de Oliveira, Rodrigo Sacramento, Daniel Silveira, Wania Wolff

— Looking forward to collaborations — 
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new lab: 2023

new undergraduate students 
assemblying the system
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Thank you Paolo et al.
CSF team
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