
Muons and Radioactive Ions 
as Quantum Sensors

Iain McKenzie



(1) The quantum system has discrete, resolvable energy levels.
(2) It must be possible to initialize the quantum system into a well-known 

state and to read out its state.
(3) The quantum system can be coherently manipulated, typically by 

time-dependent fields. 
(4) The quantum system interacts with a relevant physical quantity, such 

as an electric or magnetic field. 

What properties does a system need to be considered a quantum sensor?

C.L. Degen, F. Reinhard, and P. Cappellaro, Rev. Mod. Phys. 89, 035002 (2017)



(1) The quantum system has discrete, resolvable energy levels.
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(1) The quantum system has discrete, resolvable energy levels.

MuoniumF−Mu+−F Muoniated radicals
Magnetic Field /kG

En
er

gy



ψ = α

a bψ = α + β

(2) It must be possible to initialize the quantum system into a well-known 
state and to read out its state.



(3) The quantum system can be coherently manipulated, typically by time-
dependent fields. 

μSR of F−Mu+−F

β-NMR of 
8Li+ in PS



Dynamics of magnetic moments Magnetic ordering

(4) The quantum system interacts with a relevant physical quantity, such as 
an electric or magnetic field. 



Local magnetic fields

(4) The quantum system interacts with a relevant physical quantity, such as 
an electric or magnetic field. 
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Depth-Resolved 
Measurements with β-NMR 
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Applications in Non-Quantum Materials: Hydrogen Defects in 
Semiconductors

CdS

GaAs



TRIUMF 20 Year Vision

New research avenues that use our technical 
capabilities for groundbreaking biochemistry 

applications and the development of 
pharmaceuticals will accelerate the 
translation from bench to bedside.

Life SciencesGreen Technologies
Promising research opportunities include 

energy production and storage (in 
applications for nuclear power, batteries, and 

hydrogen storage); efforts to reduce 
greenhouse gas emissions; and leveraging of 

green chemical processes...



Applications in Non-Quantum Materials: Lithium-Ion Batteries
Low temperature 

Slope ∝ Ea

Intercept ∝ τ0

Rattling of 8Li+ 
within one cage

High temperature 
Hopping of 8Li+ 
between cages



Applications in Non-Quantum Materials: Hydrogen Storage in β-Voltaic 
Devices

3H

3H t1/2 = 4503 days

100 nm Ti

100 nm TiD0.9

Electronic 
structure

Deuterium 
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Applications in Non-Quantum Materials: Tracking Drug Molecules

High T
Lα fluid 
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Low T
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μSR Beamlines



NuTimeLAMPF

DR
• Superconducting 

Helmholtz
• 5 T / z, 2.5 mT / x
• 15 mK to 10 K

• Superconducting Solenoid
• 7.0 T / z
• 4He cryostat: 2 – 330 K

• 4 x Helmholtz
• 0.3 T / z, 10 mT / x, y
• Miss Piggy: 1.7 – 330 K
• Gas flow: 2.8 – 330 K
• Oven: 290 – 900 K

Helios
• Superconducting Solenoid
• 6 T / z, 2 mT / y
• Circulator: 250 – 475 K
• Gas flow: 2.8 – 330 K
• Oven: 290 – 900 K

μSR Spectrometers



βNMR

• Maximum magnetic field: 9 T
• Maximum magnetic field with 

RF: 6.55 T
• Temperature: 4 – 320 K 

Low-field βNQR

• Magnetic field: 0 – 24 mT
• Normal cryostat: 4 – 320 K
• Cryo-oven: 4 – 400 K

Mid-field βNQR

• NSERC RTI funded + TRIUMF 
contribution

• Commissioned 2022
• Magnetic field: 0 – 0.2T
• Cryo-oven: 4 – 400 K

β-NMR Spectrometers



Non-Destructive Elemental Analysis with Negative Muons

MIXE (Muon Induced X-ray Emission) Muon Lifetime and μ−SR


	Muons and Radioactive Ions as Quantum Sensors
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19

