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ALPHA Experiment @ CERN

• 17 institutions, ~60 members world-wide
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What’s the matter with Antimatter?

• Should be equal amounts produced at the beginning…

Matter Antimatter

Matter



CIPANP, Orlando Florida, 2022

Possible Explanations: Fundamental Flaw?

• C. P. T. Symmetry?


• Weak Equivalence Principal?


• Lorentz Invariance? 

• Swap Matter for Antimatter: uniquely sensitive!
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Atoms and antimatter: Hydrogen and Antihydrogen

Matter:
-

+

Hydrogen

Antimatter: +

-
Antihydrogen
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Antimatter sources: 

Low energy antiprotons from CERN

~ 5x106 antiprotons per minute, 1x105 per minute in experiment 
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Where do Positrons come from?

• Easy: Some radioactive isotopes

“I am a banana!” Don Hertzfeld
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ALPHA as installed, 2022

- ALPHA-2 and ALPHA-g

Magnets

UHV Space

Physical supports

Electrodes 

Outer vacuum chamber (OVC)

OVC heat shielded

Liquid helium space

Annihilation detector volume

ALPHA-2
Catching
Trap AT Diagnostic

Interconnect

ALPHA-g3m

10.2m

e+

p
p̄

<latexit sha1_base64="juEeViNVJFd938Lt4aZHwT9bHpI=">AAACAnicbVBNS8NAEJ34WetX1aOXYBU8lUQE9Vb04rGCsYU2lM120y7dbMLuRCwhR3+AV/0JnsSrf8Rf4N9wm/ZgWx8MPN6bYWZekAiu0XG+raXlldW19dJGeXNre2e3srf/oONUUebRWMSqFRDNBJfMQ46CtRLFSBQI1gyGN2O/+ciU5rG8x1HC/Ij0JQ85JWikZicgKkvybqXq1JwC9iJxp6RaP4YCjW7lp9OLaRoxiVQQrduuk6CfEYWcCpaXO6lmCaFD0mdtQyWJmPaz4tzcPjFKzw5jZUqiXah/JzISaT2KAtMZERzoeW8s/ue1Uwwv/YzLJEUm6WRRmAobY3v8u93jilEUI0MIVdzcatMBUYSiSWhmi+ap5PiUl00y7nwOi8Q7q13V3Lvzav16khCU4BCO4BRcuIA63EIDPKAwhBd4hTfr2Xq3PqzPSeuSNZ05gBlYX7+qzJj6</latexit><latexit sha1_base64="juEeViNVJFd938Lt4aZHwT9bHpI=">AAACAnicbVBNS8NAEJ34WetX1aOXYBU8lUQE9Vb04rGCsYU2lM120y7dbMLuRCwhR3+AV/0JnsSrf8Rf4N9wm/ZgWx8MPN6bYWZekAiu0XG+raXlldW19dJGeXNre2e3srf/oONUUebRWMSqFRDNBJfMQ46CtRLFSBQI1gyGN2O/+ciU5rG8x1HC/Ij0JQ85JWikZicgKkvybqXq1JwC9iJxp6RaP4YCjW7lp9OLaRoxiVQQrduuk6CfEYWcCpaXO6lmCaFD0mdtQyWJmPaz4tzcPjFKzw5jZUqiXah/JzISaT2KAtMZERzoeW8s/ue1Uwwv/YzLJEUm6WRRmAobY3v8u93jilEUI0MIVdzcatMBUYSiSWhmi+ap5PiUl00y7nwOi8Q7q13V3Lvzav16khCU4BCO4BRcuIA63EIDPKAwhBd4hTfr2Xq3PqzPSeuSNZ05gBlYX7+qzJj6</latexit><latexit sha1_base64="juEeViNVJFd938Lt4aZHwT9bHpI=">AAACAnicbVBNS8NAEJ34WetX1aOXYBU8lUQE9Vb04rGCsYU2lM120y7dbMLuRCwhR3+AV/0JnsSrf8Rf4N9wm/ZgWx8MPN6bYWZekAiu0XG+raXlldW19dJGeXNre2e3srf/oONUUebRWMSqFRDNBJfMQ46CtRLFSBQI1gyGN2O/+ciU5rG8x1HC/Ij0JQ85JWikZicgKkvybqXq1JwC9iJxp6RaP4YCjW7lp9OLaRoxiVQQrduuk6CfEYWcCpaXO6lmCaFD0mdtQyWJmPaz4tzcPjFKzw5jZUqiXah/JzISaT2KAtMZERzoeW8s/ue1Uwwv/YzLJEUm6WRRmAobY3v8u93jilEUI0MIVdzcatMBUYSiSWhmi+ap5PiUl00y7nwOi8Q7q13V3Lvzav16khCU4BCO4BRcuIA63EIDPKAwhBd4hTfr2Xq3PqzPSeuSNZ05gBlYX7+qzJj6</latexit><latexit sha1_base64="JDmjNL89AdJ7Y7QtFSl9IhRteR0=">AAACAnicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2m3bpZhN2J2IJOfoDvOpP8CRe/SP+Av+G2zYH2/pg4PHeDDPzgkRwjY7zbZVWVtfWN8qbla3tnd296v7Bg45TRZlHYxGrdkA0E1wyDzkK1k4UI1EgWCsY3Uz81iNTmsfyHscJ8yMykDzklKCRWt2AqCzJe9WaU3emsJeJW5AaFGj2qj/dfkzTiEmkgmjdcZ0E/Ywo5FSwvNJNNUsIHZEB6xgqScS0n03Pze0To/TtMFamJNpT9e9ERiKtx1FgOiOCQ73oTcT/vE6K4aWfcZmkyCSdLQpTYWNsT363+1wximJsCKGKm1ttOiSKUDQJzW3RPJUcn/KKScZdzGGZeGf1q7p7d15rXBcRleEIjuEUXLiABtxCEzygMIIXeIU369l6tz6sz1lrySpmDmEO1tcvGzCYlg==</latexit>

<latexit sha1_base64="CsnFrfDsgoFUa6OI8GDyuiUIPW8=">AAAB/nicbVBNS8NAEN34WetX1aOXYBEEoSQiqLeiF48VjS20sWy2k3bpZhN2J2IJPfgDvOpP8CRe/Sv+Av+G2zYH2/pg4PHeDDPzgkRwjY7zbS0sLi2vrBbWiusbm1vbpZ3dex2nioHHYhGrRkA1CC7BQ44CGokCGgUC6kH/auTXH0FpHss7HCTgR7QrecgZRSPdwsNxu1R2Ks4Y9jxxc1ImOWrt0k+rE7M0AolMUK2brpOgn1GFnAkYFluphoSyPu1C01BJI9B+Nj51aB8apWOHsTIl0R6rfycyGmk9iALTGVHs6VlvJP7nNVMMz/2MyyRFkGyyKEyFjbE9+tvucAUMxcAQyhQ3t9qsRxVlaNKZ2qJ5Kjk+DYsmGXc2h3ninVQuKu7Nabl6mUdUIPvkgBwRl5yRKrkmNeIRRrrkhbySN+vZerc+rM9J64KVz+yRKVhfvz5GlmM=</latexit>



CIPANP, Orlando Florida, 2022

https://alpha.web.cern.ch/experimental-cycle
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Trapping Antihydrogen

• Octupole-based magnetic minimum trap

• Low-field-seeking states are trapped

• Shallow potential well: T < 0.5 K

Mirrors
Octupole
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How much antihydrogen can we trap?

• ~1000 simultaneously trapped atoms (8 hours)

“Enhanced control and reproducibility of non-neutral plasmas.” Phys. Rev. Lett. 120, 025001 (2018).

“Antihydrogen accumulation for fundamental symmetry tests.” Nat. Commun. 8, 681 (2017).
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Antihydrogen ground state hyperfine spectrum:
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Antihydrogen hyperfine spectrum
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Ahmadi,M.et al. “Observation of the hyperfine spectrum of antihydrogen.” Nature 548, 66–69 (2017).

Illuminate trap with successive microwave frequencies ~ 29 GHz

Count annihilations in each frequency bin
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1S - 2S Transition in (anti) hydrogen

• 2 - photon Doppler-free 
spectroscopy (243 nm)


• Drive between trapped 
hyperfine states


• Compare against 
Hydrogen model in 
ALPHA trap

C. Parthey, et al. Phys. Rev. Lett. 107, 203001 (2011)
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1S - 2S possible outcomes: 

Simulations with hydrogen for c and d states

ON Resonance

ON resonance: 
47% Removal 


(1 Watt circulating power)

OFF Resonance

OFF resonance: 
200 kHz detuned
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Precision measurements with Antihydrogen:

1S - 2S transition

Best measurement to date (2018):

CPT consistent at 2x10-12

Ahmadi,M.et al. “Characterisation of the 1S-2S transition in antihydrogen.” Nature 557, 71-75 (2018).
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Precision measurements with Antihydrogen:

1S - 2S transition Limits

• Sample Statistics


• Temperature of antihydrogen sample


• Laser / trap volume


• Laser frequency stability


• Absolute precision of our clock (at ~ 8x10-13)
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Antihydrogen 1S - 2P transitions:

Fine structure
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Ahmadi,M.et al. “Investigation of the fine structure of antihydrogen.” Nature 578, 375-380 (2020).

Lineshape: CPT at 20 ppb 
Fine structure inferred at ~ 2% 
Classic Lamb Shift inferred at ~ 11% 
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Antihydrogen Laser Cooling: Closed transitions

Heating

Cooling

Probe
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Antihydrogen Laser Cooling

Longer TOF = 
slower antiatoms

C. J. Baker, et al. “Laser cooling of antihydrogen atoms.” Nature 592, 35-42 (2021).

Non-thermal distribution:  
Reduction of median energy by about an order of magnitude 
~ 500 mK - 50 mK in about 3/4 of a day!



CIPANP, Orlando Florida, 2022

Revisit the 1S - 2S transition

• Measured lineshape is narrower

PRELIMINARY

Uncooled (previously)

Cooled

Cooled more (small sample)
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Precision measurements with Antihydrogen:

1S - 2S transition Limits

• Sample Statistics

- Improved trapping techniques


• Temperature of antihydrogen sample

- Laser cooling


• Laser / trap volume

- Improvements to laser cavity


• Laser frequency stability

- Upgrade of clock reference (maser)


• Absolute precision of our clock (at ~ 8x10-13)

- Local Cs fountain clock: a few 10-16
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Hydrogen vs. Antihydrogen: 1S - 2S

T. W. Hänsch, Rev. Mod. Phys. 78 1297 (2005)

4.2 × 10−15

C. G. Parthey et al., PRL 107, 203001 (2011)

M. Ahmadi, et al. “Observation of the 1S-2S transition in trapped antihydrogen”. Nature 541, 506 (2017)

M. Ahmadi, et al. “Characterization of the 1S-2S transition in antihydrogen”. Nature 557, 71 (2018)
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ALPHA-g: an antimatter gravity experiment
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A simple Up / Down measurement

<latexit sha1_base64="v2b0v4oCk2/0C0Uhp2SeGaKFZN4="></latexit>

W. Bertsche, “Prospects for comparison of matter and antimatter gravitation with ALPHA-g”, RSTA, 376, 2116, 2018   
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ALPHA-g Measurement Scheme

Up/Down Test:

“Antigravity”

Precision Test:

Measure g


To 1%
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ALPHA-g commissioning

• Beamlines, traps, detectors commissioned in 2018

• Components repaired and upgraded (CERN LS-2)

• June 6, 2022: First antihydrogen production

• July 4, 2022: first trapping evidence

• To-date: systematic field and detector studies

PRELIMINARY

PRELIMINARY
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Summary to date

Highest precision CPT measurements to date


• 1S - 2S to ~ 2 ppt 

• 1S - 2P to ~ 20 ppb 

• Hyperfine splitting  ~400 ppm

• Fine structure constant (inferred) ~ 2%

• Lamb shift (inferred) ~ 11% 
• Laser cooling of antihydrogen atoms 

• Improved line shape of 1S-2S (pub pending)
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Prospects: 2022-2025

• Hydrogen-level precision on 1S-2S

• Antimatter gravitation: ALPHA-g


- Up / Down test

- Precision measurement at 1%


• New spectroscopy efforts 

- Direct Lamb shift measurements, 

- Direct Ground State Hyperfine Splitting measurement


• Frame-dependent measurements

- Complete measurements in fixed time-frames 

- (Earths position in solar system)


