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ALPHA 

Spectroscopy:

• CPT symmetry?

• 1S – 2S (4.2 x 10-15 in H)

• Ground state HFS (1.4 x 10-12 in H) 

• Lamb shift (3 x 10-6 in H)

• nS – n’S/P ? 

Gravity: 

• Test the Weak Equivalence 
Principle with free-fall experiments

Goal: Precision measurements of antihydrogen atoms
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ALPHA 

Spectroscopy:

• 1S – 2S (4.2 x 10-15 in H)

• Ground state HFS (1.4 x 10-12 in H) 

• Lamb shift (3 x 10-6 in H)

• 2S – nS

Gravity: 

• Test the Weak Equivalence 
Principle with free-fall experiments

Goal: Precision measurements of antihydrogen atoms

Approach: Trap antihydrogen in a magnetic minimum neutral atom trap. 
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ALPHA experiment
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Producing and trapping antihydrogen



7

Producing and trapping antihydrogen
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Producing and trapping antihydrogen

Δ𝑈 ≈ 0.5 K
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Producing and trapping antihydrogen
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Producing and trapping antihydrogen
Improvements to 
antihydrogen trapping 
[Nature Comm. 8, 681 (2017)]

Can accumulate anti-atoms
(~2500 over 17 hours) 
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Antihydrogen spectroscopy

Hyperfine spectrum [Nature 548, 66 (2017)]

1S – 2S spectroscopy [Nature 557, 71 (2018)]

Fine structure [Nature 578, 375 (2020)]ALPHA-Canada                Research Proposal                 M. Fujiwara (PIN: 290734):   A-10 

  Fig. 8: 1s-2s-2p transitions of (anti)H 

simplicity allows unrivaled comparison with theory. The 1s-2s transition in atomic H has been 
measured

43
 to a precision of 4×10

-15
 with room for improvement. The antimatter equivalent of hydrogen 

is thus an ideal system for studying the equivalence of physics in matter and antimatter. Ordinary H 
atoms are difficult to detect with high efficiency. In contrast, a very important experimental advantage 
exists for anti-H spectroscopy. The transition of a single anti-atom from a trapped to an un-trapped state 
can be detected via annihilation signatures generated when the anti-atoms hit the (matter) walls of the 
apparatus. This is the reason why – with even just a few trapped anti-H – spectroscopic studies such as 
those we intend to perform will not only be possible, but will produce significant results from the very 
start.  

A simplified energy diagram of (anti)H is shown in Fig. 8. 
Absorption of 243 nm photon pairs from counter-propagating laser 
beams will induce Doppler–free (to first order) 1s–2s transitions. 
The excited states can either (a) de-excite back to the original state, 
(b) decay into the strong field seeking hyperfine states and hence 
are expelled from the magnetic trap, or (c) be photo-ionized by the 
243 nm photon. Transitions will be detected for atoms that follow 
branches (b) or (c). These transitions will be detected in one of 
two modes: (1) appearance mode: the annihilations of anti-H 
resulting from the 1s-2s transition are detected directly in the Si 
detector; (2) disappearance mode, where at the end of the resonant laser irradiation, the remaining anti-H 
are released from the trap, in which case one sees a reduction in signal if the anti-H are expelled from 
the trap during laser irradiation. By sweeping the laser frequency, and plotting the annihilation count rate, 
the 1s-2s resonant frequency will be determined. A possible signature for a 1s-2s transition that follows 
branch (c) is detection of pbars produced from laser induced ionization from the 2s state.   

ALPHA’s 1s-2s spectroscopy effort is led by Hangst (Aarhus), and is currently a high priority 
measurement for the ALPHA-2 device. ALPHA-Canada will vigorously contribute to this program in 
several significant ways based on our unique expertise: (a) detection of 1s-2s transitions via 
annihilations, (b) laser cooling to prepare a cold and dense sample of anti-H, (c) control of antimatter 
plasmas, magnetic field characterization, and anti-H spin manipulations via W techniques, and (d) 
background and physics analyses. These will occur in addition to supporting operation of the ALPHA-2 
device. Aspects of the 1s-2s spectroscopy campaign will motivate theses for our HQP trainees.    

(b) Simulations for 1s-2s transition: Detailed simulations have been 
performed, taking into account anti-H orbits in the ALPHA trap, the 
magnetic field profile, Zeeman and time of flight broadening, as well 
as photo-ionization (Fig. 9). An example is shown for a disappearance 
measurement at a 243 nm laser power of 2 W, with a beam waist of 
200 microns, and an irradiation time of 500 s. The line shapes for both 
hyperfine sublevels (c to c and d to d transitions) are shown. With 
these parameters, a few weeks of beam time will be sufficient to 
observe the 1s-2s transition. Because of the five mirror coil 
configuration employed in the ALPHA-2 device, which permits 
homogenization the static magnetic field, Zeeman broadening is 
significantly reduced and the linewidth will be limited by time of flight broadening to Δf~60 kHz 
(FWHM), corresponding to a few×10

-11
 level of precision in the 1s-2s energy level. Even at this initial 

level, new constraints on combinations of fundamental constants such as the e
+
 mass and charge can be 

obtained as a test of CPT.
44 

Furthermore, we will be sensitive to the pbar charge radius (Sec 2.2). 
However, in order to maximize the potential of ALPHA-2, we require laser cooling (see below).  

  

 Fig. 9: simulated 1s-2s lineshape 

Personal information will be stored in the Personal Information Bank for the appropriate program.
PROTECTED B WHEN COMPLETED

Laser Cooling [Nature 2021]
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Antihydrogen + gravity: ALPHA-g
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Measuring the effect of gravity
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The challenge

Image: Chukman So
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Magnetic traps

Image: Chukman So
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Magnetic traps

17 superconducting circuits with 34 HTS current leads

Image: Chukman So

Image: Chukman So
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ALPHA-g schematic

~3 m 
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ALPHA-g reality
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ALPHA-g reality

Inner
magnets
~1.5 m

LHe Cryostat
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“up-down” measurement

Only coils A + G + bottom octupole
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“up-down” measurement

𝜙 = 𝜇𝐵𝐵 − 𝑚𝑔ℎ

∆𝜙 = −𝑚𝑔∆ℎ

∆𝐵 ~ 4 × 10−4 T

Only coils A + G + bottom octupole
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Magnetic field measurements

Down

Coil A Coil G

Penning trap electrodes

Octupole

Image: Adam Powell
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Electron cyclotron resonance magnetometry

B

𝑓𝑐 =
𝑞 𝐵

2 𝜋 𝑚

At 1 T 𝑓𝑐 ≈ 28 GHz
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Electron cyclotron resonance

e-

Image: Adam Powell
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e-

Electron cyclotron resonance

Image: Adam Powell
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e-

Electron cyclotron resonance

Image: Adam Powell
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e-

Electron cyclotron resonance

Image: Adam Powell

𝜇Waves
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e-

Electron cyclotron resonance

Electron Cyclotron Resonance (ECR) Magnetometry with a Plasma Reservoir 
E. D. Hunter, A. Christensen,  J. Fajans , T. Friesen, E. Kur, and J. S. Wurtele (2019)

Image: Adam Powell



30

Electron cyclotron resonance

• Narrow central peak = 𝑓𝑐= 
𝑞 𝐵

2 𝜋 𝑚

• Precision related to peak width 

• Broad, asymmetric sidebands 
from electrons axial motion

Image: Adam Powell



31

Electron cyclotron resonance
Image: Adam Powell Image: Adam Powell
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“up-down” measurement scheme

• Accumulate antihydrogen atoms

• Slowly ramp down the end mirror coils, 

maintaining bias

• Record annihilations going up or down

• Repeat for various bias values

• ECR field measurements at start and end of 

mirror ramp

• Extensive offline magnetometry measurements
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Simulated results

Image: Chukman So
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Proof of principle

DOWN

Blue: Trap bias 10x gravity

Red: Trap bias –10x gravity
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ALPHA-g status and prospects

• In 2022 we completed a set of experiments at various biases. Analysis in 
progress…

• Future precision:
• Slower ramps

• Improved background rejection

• Improved magnetometry

• Validation of simulations

• Colder antihydrogen (laser cooling, adiabatic cooling)
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Thanks!

Prof. 
R.I. Thompson

Alberto Jesus Uribe Jimenez  

Adam Powell 

Pooja Woosaree  

Jay Suh 

Abbygale Swadling 

ALPHA
Tim Friesen
timothy.friesen@ucalgary.ca
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Magnet control

0 – 70 A

0 – 0.1 A 
(1 mA precision)
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Background solenoid uniformity

As-built: 20 G non-uniformity

With outer shims: ~4 G non-uniformity

(As measured with hollow solenoid 
using NMR magnet probes)
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Electron cyclotron resonance
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Antihydrogen spectroscopy
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Antihydrogen spectroscopy

Hyperfine spectrum [M. Ahmadi et al, Nature 548, 66  (2017)]

1S – 2S spectroscopy [M. Ahmadi et al, Nature 557, 71 (2018)]

Fine structure [M. Ahmadi et al, Nature 578, 375 (2020)]
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Laser cooling antihydrogen

Pulsed 121.6 nm generated by THG:
• Approx. 15 ns pulse length 
• Approx. 2 - 10 nJ per pulse
• 10 Hz repetition rate 
• Detuned -220 MHz for cooling
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Laser cooling antihydrogen

C. J. Baker et al, Nature 592, 35 (2021)
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1s-2s: 2x10-12

Nature 541, 506 (2017)
Nature 557, 71 (2018)

HFS: 9x10-6(Prelim.)
Nature 483, 439 (2012)
Nature 548, 66 (2017)

1s-2p:1.6x10-8

Nature 561, 211 (2018)
Nature 578, 375 (2020)

1s-2s: 4x10-15

PRL 107, 203001 (2011)

Antihydrogen spectroscopy

Coming soon:
Lamb shift 
2s –> 2p
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Toward higher precisions

• Laser cooling: Upgraded 121 nm system (5x repetition rate, 4x pulse energy)

• 1S – 2S: New frequency metrology
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Toward higher precision spectroscopy

• Laser cooling: Upgraded 121 nm system (5x repetition rate, 4x pulse energy)

• 1S – 2S: New frequency metrology, laser cooling

• HFS: Vastly improved magnetic field stability, improved magnetometry

• More antihydrogen!
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ALPHA-g schematic


