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Hydrogen Atoms )

Spectroscopy of hydrogen atoms has been the chief experimental basis for
theories of the structure of matter.

1S-2S : The most precisely determined transition
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ALPHA NG

Antihydrogen Laser PHysics Apparatus

International collaboration at CERN on antihydrogen precision spectroscopy

ALPHA-Canada
THE @
UNIVERSITY OF %
@TR'UMF BRITISH /%y*i UYMCV)ERIISE '
R Y o \T'e?.\ . 2
AD Antiproton Complex at CERN Magnetic trap
Antiproton Production
Collection, Deceleration
And Cooling
3.5 GeVic- A D 22 N a
0.1 GeVic PS e R —
Protons accelerated for 104 p' 106 et
anti-proton production
~meV ~meV
Pbar: .‘
3.5GeV/ie 13 "/1
} % % P:26 GeVie

k100 MeVi/e 20 ~ 30 antihydrogen below 500 mK per cycle



Exotic Hydrogen Atoms AL

Precision Spectroscopy using Bound states atoms
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Tests of QED, Quantum Field Theory, General Relativity
Fundamental Symmetries (CPT, Equiv. Principle etc)

Matter-Antimatter Asymmetry
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UBC

= ALPHA-2 (2016 -)

New ALPHA trap designed for spectroscopy
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ALPHA-2 (2016 -)

The number of trapped atoms
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1S-2S / 1S-2P Spectroscopy of Antihydrogen ““

Two photon transition at 243.2 nm One photon transition at 121.6 nm
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1S-2S at 243.2 nm

Precision Spectroscopy of Antihydrogen AL

1S-2P at 121.6 nm

Anti hydrogen
Precision Af/f~2x1012 (Af~5 kHz)

fa-a=2 466 061 103 079.4 (5.4) kHz.
at1.03 T

Anti hydrogen

Fine Structure 10.88 + 0.19 GHz
Lamb Shift  0.99 +0.11 GHz

No difference
at the 12 digits

No difference
within a few %

Hydrogen Af/f~4x10-15 (Af~10 Hz)

f1s—2s = 2466061413 187035 (10) Hz

Matveev et al

Phys. Rev. Lett 110, 230801 (2013) 2t 0T

Hydrogen

Fine Structure 10.96913 (10)GHz
Lamb Shift ~ 1.057847(9) GHz




Pulsed 1-D aser cooling at 121.6 nm

=t
Longitudinal cooling
0.4 a : : : : {
8h
03] T Blue : -250 MHz
red : +150 MIHz
0.2} !
017
0.0t ' ' t t
-1000 -500 0 500

Detuning (MHz)

EL:6.6 yeV—-1.7 peV (80 mK — 20 mK)

Laser Cooling of Antihydrogen
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Nature, 592, 35 (2021, April 1st)
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Precision Spectroscopy AL

1S-2S of Laser Cooled Anti-H

—&—run 1 (no cooling
—A—run 3 (cooling)
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Gravity Experiment (2022)

ALPHA-g: Measurement of anti-H gravity

Anti-Apple Free "fall" of ant-H
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HAICU($Ef) : 2022- &)

Hydrogen-Antihydrogen Infrastructure at Canadian Universities

R&D platform for development for
“quantum sensing” techniques for anti-H

Use H (and other cold atoms) as proxy
(Anti)atomic fountain
(Anti)Matter-wave interferometer
Ramsey hyperfine spectroscopy
Optical trapping
Anti-molecular clock

Hydrogen difficult to handle

1s-2p transition at 121 nm Ultimate Goal: | |
Difficult to trap Make precision H--antiH comparison

No fountain made with H in the same apparatus 3



HAICU(fER)) : 2022- AL
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HAICU(fJEf7) : 2022-

)

HAICU: Hydrogen-Antihydrogen Infrastructure at Canadian Universities

(Anti)hydrogen fountain

(Anti)hydrogen Interferometer
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(Anti)hydrogen molecule
HQ2S) +H(2S) > H, + e
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Antihydrogen Physics AL

22 years since the start of Antiproton Decelerator at CERN,
we are entering a new era

Tremendous progress in past few years
Laser spectroscopy at 10-12 level
Microwave, charge neutrality, etc.
Laser cooling opens up new opportunities
Since 2021-
ELENA, upgraded AD, became operational
Gravity measurement, ALPHA-g started
The HAICU project just initiated

Exciting future with antihydrogen physics!

16



))

i

ub¢ ALPAH Collaboration

THE

AARHUS UNIVERSITY OF \/\@"}’

/v UNIVERSITET I_i R ITISH @Q\@_éﬁ/
COLUMBIA UNIVERSITY OF
CALGARY

y UN vV E R Ty f %
LIVERPOOL : N':%%
S )

%93‘.619:’. institute clear Research Center Negev

S F U 7/4// !+ S"{\o
oy st e Stockholm
University

R TRIUMF YORK '

Swansea University Univens

Prifysgol Abertawe

1 TE
I TY



