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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 guantum sensors



ALPHA-2 @ CERN
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= Measurement in Antihydrogen:
1S-2S 2x10*2 @ 1T

Nature 541, 506 (2017), Nature 557, 71 (2018)
= Hydrogen: 4x101° (beam)

PRL 107, 203001 (2011)

Example: Fundamental Constants
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" Measurement of 2S5-4P in hydrogen 4x10-12
Science358,79-85(2017).

= Combined with 1S-2S yields Rydberg constant at
10-1?|level and proton charge radius ~1%
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Main Limitations due to Broadening Effects

o . 1
1. Avallability of antiatoms: 7

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
guantum sensors!



Laser Cooling of Antihydrogen — ALPHA-2

Cooling transition: 1S5,d — 2P,a

Cooling and
trapping region Cavity output

\ coupler

Photodiode

PMT

D‘\*\'—’l

243-1 | r | | —t
i g / \ light

Sailty inpus / | THG cell — 14
coupler
Magnets .. .uum

364.7 nm
Annihilation detector ElEmERr light

Pulsed 121 nm laser: ~nJ in ~20ns at 10Hz
Radial Energy reduced by factor of ~4

TOF
b —— Stack and cool
Cooling
No laser
—— Heating
d ﬁ"'/— E; =20 peV
4.8 neV
0 0.5 1.0 1.5 2.0 2.5 3.0
TOF (ms)

Cooling increase the Time-
Of-Flight (annihilation) to

I |l |



Manipulation of (Anti)Hydrogen — ALPHA-g

Article
Observation of the effect of gravity on the
motion of antimatter
Nature 621, 28 September 2023 Chukman S. (TRIUMF)
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HAICU Phased Approached

* Cool below Doppler limit
with “Adiabatic Expansion
Cooling”

« Hydrogen Fountain

« Wall-free trapping of
antinydrogen

* Fluorescence detection

« Laser cooling

Quantum sensing
with Hydrogen: e.g.
Interferometer



Drawing board
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HAICU @ TRIUMF
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HAICU Hydrogen Trap (current design)

Quadrupole

Ly-a Hydrogen
pulse Loading

= |offe-Pritchard Trap (same as
ALPHA but with quadrupole)

= Normal conducting magnets

= Bitter colls (current flows
through sheets of conductors)

= B[ =0.15T at trap centre
=Max |B| =0.376 T
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Raman Interferometry

Momentum kick ~2hk
NO spontaneous emission
2S metastable state HFS ~177MHz @ OT

Measurement of the Gravitational Acceleration
of an Atom with a Light-Pulse Atom Interferometer

M. Kasevich and S. Chu
Physics Depariment, Stanford University, Stanford, CA 943035, USA
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Another Antihydrogen Al Proposal |

PRL 112, 121102 (2014) PHYSICAL REVIEW LETTERS 28 MARCH 2014

22p Antimatter Interferometry for Gravity Measurements
3/2
L Paul Hamilton," Andrey Zhmoginov,' Francis Robicheaux.” Joel Fajans,"’
Jonathan S. Wurtele."" and Holger Miiller" ™'
2 L IPh}-‘s:'{.‘_S' Department, University of California, Berkeley, California 94720, USA
2 Plfz *Department of Physics, Auburn University, Auburn, Alabama 36849, USA
(Received 12 August 2013; published 25 March 2014)
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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 guantum
initiative at TRIUMF
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Quantum sensing

C.L. Degen

Department of Physics, ETH Zurich, Otto Stern Weg 1, 8093 Zurich, Switzerland

F. Reinhard’

Walter Schottky Institut and Physik-Department, Technische Universitat Minchen,
Am Coulombwall 4, 85748 Garching, Germany

P. Cappellaro’

Research Laboratory of Electronics and Department of Nuclear Science & Engineering,
Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA

(published 25 July 2017)

REVIEWS OF MODERN PHYSICS, VOLUME 89, JULY-SEPTEMBER 2017
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) ©
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Use of a quantum object to measure a physical
quantity (classical or quantum). The quantum object
1s characterized by quantized energy levels. Specific
examples include electronic, magnetic or vibrational
states of superconducting or spin qubits, neutral
atoms, or trapped ions.

Use of quantum coherence (i.e., wavelike spatial or
temporal superposition states) to measure a physical
quantity.

Use of quantum entanglement to improve the sensi-
tivity or precision of a measurement, beyond what is
possible classically.

The guantum system has discrete, resolvable energy
levels, Specihically, we assume 1l o be a two-level
system (or an ensemble of two-level systems) with a
lower energy state |(0) and an upper energy state |1}
that are separated by a transition energy E = funy
(see Fig. 1.

[t must be possible to initialize the quantum system
into a well-known state and to read out its state,
The quantum system can be coherently manipulated,
typically by time-dependent fields. This condition is
not stretly required for all protocols: examples that
fall outside of this criterion are continuous-wave
spectroscopy or relaxation rale measurements.

The quantum system interacts with a relevant physi-
cal quantity V(r), such as an electric or magnetic
field. The interaction is quantified by a coupling or
transduction parameter of the form y = HE/ VY
which relates changes in the transition energy E to
changes in the external parameter V. In most sit-
uations the coupling is either linear (g = 1) or
quadratic (g = 2). The interaction with V leads to
a shift of the quantum system’s energy levels or to
transitions between energy levels (see Fig. 1).
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