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Concept

Hydrogen-Antihydrogen Infrastructure of Canadian Universities

✎ Platform to develop quantum sensing techniques on H
✎ Pathfinder for next generation of H experiments

H trapping and detection compatible with ALPHA H at CERN
ALPHA = magnetic trapping of H at CERN The ALPHA antihydrogen trapping apparatus NIM A 735 (2014)

Goal: compare H and H to highest attainable precision
spectroscopy Characterization of the 1S-2S transition in antihydrogen Nature 557, 7703 (2018)

gravity Observation of the effect of gravity on the motion of antimatter Nature 621, 7980 (2023)

Reduce main sources of systematic errors in ALPHA ⇒ (Anti-)Atomic fountain
Magnetic field gradient (necessary for trapping) ⇒ Field-free region
Transit time (line broadening in spectroscopy) ⇒ Long interaction time
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The HAICU experiment at TRIUMF
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Hydrogen Source

✎ Generate H beam with > 1012 particles/cm3 at < 900 m/s velocity

1 H2 in Ne or He supersonic expansion

2 H generation by molecular dissociation
(DC discharge or microwave)

Supersonic H gas: 200K, 90psi, 3kV discharge

R. Akhbari (UBC)
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Supersonic Beam

High-brightness H beam from
supersonic nozzle:

increase particle flux and narrows the
temperature
convert a large fraction of the gas’s
initial enthalpy into translational energy.

Supersonic transition occurs at nozzle
choke point.
For Mach number M ≥ 1 flow rate
increases with increasing cross section.
P2 → 0 implies M → ∞, i.e., the initial
thermal energy has been converted into
translational energy.

J.R. Gardner Neutral Atom Imaging... Springer (2018)
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Principles of Operation of the Zeeman Decelerator

Small coil has 8 windings while large coil
has 16 windings ⇒ Asymmetric field with
minimum

Force on atom = −dU
dz = −dU

dB
dB
dz

dU
dB ≈ µB and dB

dz ≈ 170 T/m

Moving Trap by applying 600A current in
5 − 250µs pulses to anti-Helmholtz coils
sequentially.
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Design of the Zeeman Decelerator
✎ 1st decelerator: 900 m/s → 350 m/s

370 Anti-Helmholtz coils
12.7 mm ID
24 AWG wire
6.5 mm trap-to-trap spacing

✎ 2nd decelerator: 350 m/s → 20 m/s
100 Anti-Helmholtz coils
10 mm ID.
26 AWG wire.
5 mm trap-to-trap spacing.

C. Noort (UBC)
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Bender Sections

✎ Blocks carrier gases while acting as a low-pass velocity filter

Bender element: hexapole Halback array

Force on atom = mv2

R = µB
dB
dR

Max. velocity ≈ 360 m/s
for R = 0.2 m and dB

dR ≈ 100 T/m

1st bender section using Halback array
permanent magnets
2nd bender will use quadrupole focus
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Hydrogen Magnetic Trap

Ioffe-Pritchard trap
Water cooled magnets: Bitter coils

Trap design by Chukman So

Length = 96 mm, radius is 16.2 mm
|B| = 0.15 T at trap centre,
∆B = 0.255 T
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Bitter Coils

Prototype bitter coil testing A. Papandreou

See, for example: IEEE Trans. Plasma Sci. 44 4 (2016)
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Lyman-α Laser
1 Generation of strong 730nm light pulse in enhancement cavity
2 Second harmonic (SHG) process to generate one pulse of 365nm light in BBO crystal
3 Third harmonic generation (THG) to generate 121.6nm light in Kr/Ar mixture

Hyperfine Interactions 228 77-80 (2014) Scheme developed by Taka Momose (UBC) and in use at ALPHA@CERN
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Fluorescence Detection
MCP by Photonis with CsI coating to
enhance VUV sensitivity Thermoelectric cooled SiPM by

Hamamatsu: expected T ∼ 213 K

Readout design by P. Margetak, VUV4 from P. Giampa
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Phase 1 Outline

1 H production at cryogenic source
2 Magnetic trap energized, except for

bottom gate
3 Delivery to magnetic trap via Zeeman

decelerator ≈ 6 ms
4 Bottom gate ramp in ≈ 10 ms
5 Lyman-α pulse at 10-50 Hz

...
6 1D laser cooling

...
7 3D laser cooling
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HAICU Status

121nm generation is established at
UBC

Optimization of H source at UBC
Decelerator is being built at UBC

Bitter coils prototyping at TRIUMF
Quadrupole assembly at TRIUMF

Quadrupole compression plate
manufactured at U. Calgary machine shop

Water cooling testing outside Detector Facility by J. Ewins
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Antihydrogen Free-Fall

(−0.75 ± 0.13 (stat.+sys.) ± 0.16 (sim.)) g

Pdn = DW
UP+DW Asymmetry= UP−DW

UP+DW Bias=
µB (BG−BA)

mH (zG−zA)
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Raman Interferometry: Atomic Gravimeter

Detection H.F. states: |2S,F=1⟩ vs. |2S,F=0⟩
H.F. selective |2S⟩ → |2P⟩ via µw
transition + Ly-α detection
H.F. selective |2S⟩ → |3P⟩ via laser
transition + Ly-β detection
H.F. selective 2S photoionization + Ions
collection on MCP
Detect after deexcitation to ground state

Barrett B. et al. 2016. Atoms 4, 3: 19

Adapted from: Phys.Rev.D 80, 016002 (2009)
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Summary

HAICU phase 1:
Cold hydrogen beam
Magnetic trapping
Laser cooling

Long term goal: atom interferometry ⇒ Gravimetry

Critical items are being assembled at TRIUMF and UBC

BCIT: Alex Khramov
Calgary: Tim Friesen
TRIUMF: AC, Jack Ewins, Makoto Fujiwara, Dave Gill, Philip Lu, Giulia Marcoux, Peter
Margetak, Lars Martin, Nicolas Massacret, Art Olin, Alexis Papandreou, Chukman So,
Giles Wankling and many co-op students...
SFU: Mike Hayden
UBC: Reza Akhbari, Tony Mittertreiner, Takamasa Momose, Colin Noort, Wes Rusinoff
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Additional Material
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Wavelength spectrum vs. B

Anand Thirumalai and Jeremy S. Heyl in Advances in Atomic, Molecular, and

Optical Physics, Volume 63 (2014)

β = γ/2

γ =
ℏω
2Ry

ω =
eB
me
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H Supersonic Source

R. Akhbari (UBC)
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Zeeman Decelerator

PHYSICAL REVIEW A 76, 023412 2007
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Hydrogen Confinement

H magnetic dipole moment in ground state
|µH| ∼ µB ≈ 6 × 10−11 MeV T−1.

Magnetic field gradient used to trap H: ∇B ∼ ∆B ≈ 0.3 T
Confinement due to superposition of magnetic fields

Force on atom = −∇U U = µB[Bmin(x)− B(x)]

Only µH anti-parallel to B can be confined by U-minimum low-field seeker
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Breit-Rabi-Zeeman Diagram

Am. J. Physics 59 (2) 1991
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Compression-Cooling Expansion
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Laser Cooling

Doppler cooling on |1S,d⟩ → |2Pa+⟩
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SiPM Testing (Dark)

SPE = 66.8, SNR = 8.4
Z. Charlesworth
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