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ALPHA Program

▪Study fundamental symmetries
▪precision measurements pave the way to New Physics

▪CPT symmetry: 
▪ implies that atomic spectra of hydrogen and antihydrogen 

are identical

▪Einstein’s Equivalence Principle
▪Matter and Antimatter fall with same with the same 

acceleration

▪Ultimate precision with quantum sensors
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ALPHA-2 @ CERN
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Precision Measurement

▪ Measurement in Antihydrogen:

1S-2S  2x10-12 @ 1T
Nature 541, 506 (2017), Nature 557, 71 (2018)

▪ Hydrogen: 4x10-15 (beam)
PRL 107, 203001 (2011)
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▪ Measurement of 2S-4P in hydrogen 4x10-12

Science358,79-85(2017).

▪ Combined with 1S-2S yields Rydberg constant at 

10-12 level and proton charge radius ~1%

Example: Fundamental Constants
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Main Limitations due to Broadening Effects

1. Availability of antiatoms: 
1

𝑁

2. Finite temperature, e.g., transit-time broadening: linear 
with (transverse) velocity

3. Zeeman shift: ~kHz/B

▪ Improvement required to exploit the full potential of 
quantum sensors!
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Laser Cooling of Antihydrogen – ALPHA-2

Cooling transition: 1S,d → 2P,a

Cooling increase the Time-

Of-Flight (annihilation) to 

wall 

Pulsed 121 nm laser: ~nJ in ~20ns at 10Hz

Radial Energy reduced by factor of ~4
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▪Magnetic field gradients to 

push antihydrogen F ~ ∇B

Manipulation of (Anti)Hydrogen – ALPHA-g

Nature 621, 28 September 2023 Chukman S. (TRIUMF)

Create atomic 

fountain in 

field-free region
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Quantum sensing 

with Hydrogen: e.g. 

Interferometer

HAICU Phased Approached

• Cool below Doppler limit 

with “Adiabatic Expansion 

Cooling”

• Hydrogen Fountain

• Wall-free trapping of 

antihydrogen

• Fluorescence detection 

• Laser cooling
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Drawing board

Develop techniques in hydrogen compatible with ALPHA 
setup at CERN:
Cold (anti)hydrogen and move it to field-free region

Establish quantum protocols to make precision measurements 
in (anti)hydrogen
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HAICU @ TRIUMF



11

▪ Ioffe-Pritchard Trap (same as 

ALPHA but with quadrupole)

▪Normal conducting magnets

▪Bitter coils (current flows 

through sheets of conductors)

▪ |B| = 0.15 T at trap centre

▪Max |B| = 0.376 T

HAICU Hydrogen Trap (current design)

Hydrogen

Loading

Quadrupole

Ly-α 

pulse

Coils
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Raman Interferometry

3P

2S,c

2S,d

656 nm

Momentum kick ~2ħk

No spontaneous emission 

2S metastable state HFS ~177MHz @ 0T

Atomic 

Gravimeter
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Another Antihydrogen AI Proposal

Bragg transition in (anti)hydrogen
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Summary

▪Antihydrogen is a tool to search for New Physics (ALPHA)

▪High-precision measurements using quantum 
technologies 

▪Develop techniques in hydrogen to push the quantum 
initiative at TRIUMF
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Thank you
Merci

Follow us @TRIUMFLab

www.triumf.ca
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Current 

ALPHA 

HAICU

project

Future!
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Laser Cooling
Nature 592 (2021)
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