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Outline

• Introduction
– Big Questions
– Antimatter as Quantum Sensor

• ALPHA at CERN
– Anti-H trapping
– Laser cooling  
– Will not cover other exciting expt’s, AEGIS, ASACSA, 

ATRAP, BASE, Gbar … [See M. Hori tomorrow]

• Present efforts 
– ALPHA-g: Gravity

• Future opportunities
– HAICU: Anti-atomic fountain
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Anti-H studies objective

To test fundamental symmetries
between hydrogen and antihydrogen atoms

at the highest precision possible 

Technology 

driven! 



• CPT: Fundamental property of QFT
– Theorem: atomic spectra of H & anti-H identical

• Einstein’s Equivalence Principle
– Matter and Antimatter fall in same way

Any violation would force radical change in theory!

Motivations: Symmetries

Quantum 
Field Theory

CPT 
Symmetry 

H & anti-
H Spectra

General 
Relativity

Equival. 
Principle

H & anti-
H Free fall



Antimatter as a Quantum Sensor
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(Anti)Atom as a Quantum Sensor 

E(atom)  = E0 + ΔEext + ΔENP  (≡ EQFT )

E0 ~ me ⍺ 2 + … fn{Qe, Qp, me, mp, rp, µe … }
ΔEext : due to Ext field, e.g. E, B, Gravity
ΔENP : due to New Physics, e.g. DM, 5th force … 
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ECPTV : Shift due to CPT violation; 
Beyond Quantum Field Theory!

CPT theorem requires E = E’ (i.e. Δ ECPTV = 0) in any local relativistic QFTs 

Atomic quantum sensor Anti-atomic quantum sensor 
Rev. Mod. Phys. 89, 035002 (2017) 



Statistical Sensitivity of Anti-H Spectroscopy 

Δ𝑓 ~
1

𝑊!"#$ & 𝜀%$& & 𝑁'&() & 𝑃&*'#+

Spectral linewidth  à Laser cooling (Note 1/linear scaling!)

Detection efficiency  à Si vertex detector, radial TPC

# trapped atoms  à Trap & plasma techniques

Transition probability  à laser, microwaves

Feels crazy to talk about “sensitivity”… 
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Ant-H 1s-2s resonance
[Nature 2018]



Antihydrogen Synthesis, Trapping & Detection



Technical developments over past 20 years 
• Improvements in trapping rates; now routinely 

accumulate >1000 anti-H, by repeated leading, 
or “stacking” [Nature Comm. 8, 681 (2017)]

• Improved magnetometry via Electron Cyclotron 
Resonance [Phys. Plasmas 27, 032106 (2020)]

• Improving plasma manipulations 
[Phys. Rev. Lett. 120, 025001 (2018)]

• Sophisticated anti-H detectors & analysis: 37,000 
channel Si tracker, machine-learning based analysis

e.g. Nature 561, 211 (2018)

Machine Learning



Antihydrogen Spectroscopy with ALPHA at CERN

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

Charge neutrality
Nature 539, 373 (2016)
Gravity (ongoing)

1s-2s: 4x10-15

PRL 107, 203001 (2011)

Carleton 1994Anti-H precision approaching that in H      



Spectroscopy and cooling enabled VUV lasers
[Nature 2018, 2020, 2021]



1S-2P spectroscopy at 121 nm

1s-2p:1.6x10-8; Lamb
Nature 561, 211 (2018)
Nature 578, 375 (2020)

Carleton 1994



antimatter atoms

Laser cooling and trapping

Trapping (2010) 

Cooling (2021)

CPT, WEP violation?

???

Laser cooling of atoms, ions revolutionized atomic physics in last 40 years

S. Inoue, 2017

Laser cooing of antihydrogen: A game changer! 



Pulsed Lyman-alpha laser developed at U. British Columbia (Taka Momose)

Nd:YAG
Pump laser

730 nm 
seed laser

Wavemeter

BBO
Doubler

Ar gas

Frequency
Control

Ti:Sa ampli!er
cavity

Cavity Lock
365 nm beam to 
THG cell (8 m  path)

730 nm pulsed beam
 to BBO crystal

THG cell (Kr, Ar)

121 nm excitation 
beam to ALPHA-2

Kr gas

ALPHA-2 Trap

PMT

121.5 nm in ALPHA trap 
1 nJ, 15 ns /pulse
linewidth  <70 MHz

3rd Harmonic Generation
of 365 nm light in Kr/Ar gas

• 15 ns pulse, 10 Hz
• 10 nW on anti-H

365 nm (typical)
15 mJ, 25 ns /pulse, 10 Hz
linewidth  40 MHz

Nature 561, 211 (2018)



Demonstration of Laser Cooling [Nature 2021]

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 
measured43 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 PW 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

Experimental procedure (simplified)
– Accumulate ~1,000 anti-H (5 h)
– Apply 121 nm laser (6 h)
– Probed with 243 nm laser (2 h)
– Release anti-H and count

Linewidth reduced by a factor of 4 with cooling



Laser cooling immediately applicable to ALPHA measurements

	

	

finally	 could	 sweep	 the	 243	 nm	 laser	 frequency	 across	 the	 transition	 (~100	
times	 to	 reduce	 the	 influence	of	depletion	of	 anti-atoms)	 in	 about	2h.	We	 thus	
kept	antihydrogen	atoms	trapped	for	almost	a	full	day	in	these	experiments.	
	

	
	

Figure	 6.	 Preliminary	 line	 shapes	 of	 the	 1S-2S	 two	 photon	 transitions	 in	 antihydrogen	 recorded	 from	 a	
trapped	sample	of	antihydrogen	with	more	than	900	atoms	in	each.	Laser	cooling	was	applied	to	the	d-state	
atoms	in	the	blue	samples.	Each	curve	took	less	than	a	day	of	real	time	to	record.	ALPHA	Preliminary	

Laser	 spectroscopy	 in	 a	 magnetic	 trap	 naturally	 suffers	 from	 potential	
systematic	 issues	 stemming	 from	 the	 frequency	 shifts	 induced	 by	 the	 large	
magnetic	 fields.	To	be	 able	 to	 control	 these	 systematics	we	have	progressively	
improved	 our	 ability	 to	 measure	 magnetic	 fields	 using	 electron-cyclotron-
resonance	 (ECR).	 Our	 initial	 method	 relied	 on	 observing	 the	 electron	 plasma	
modes	and	their	response	to	microwave	heating	around	the	cyclotron	resonance,	
and	 achieved	 a	 resolution	 of	 around	 0.3	 mT	 at	 the	 trap	 center	 in	 the	
inhomogeneous	 trapping	 fields20.	 Recent	 developments	 that	 consist	 of	 using	
repeated	 electron	 plasma	 temperature	 measurements	 have	 improved	 the	
resolution	 to	 ~0.01	mT.	 The	 1S	 and	 2S	 magnetic	 field-induced	 level	 shifts	 are	
slightly	 different,	 and	 in	 the	 region	 around	 1	 T	 this	 difference	 results	 in	
frequency	 shifts	 of	 962	 Hz/mT	 and	 18.6	 kHz/mT	 for	 the	 d-d	 and	 c-c	 lines	
respectively21.	 This	 difference	motivated	 the	 choice	 of	 the	d-d	 line	 for	 the	 first	
line-shape	 measurement,	 where	 our	 state-of-the-art	 magnetic	 field	 diagnostic	
made	 magnetic	 field	 uncertainties	 negligible	 with	 respect	 to	 determining	 the	
uncertainty	 on	 the	 line	 center	 frequency.	 However,	 the	 asymmetry	 in	 the	 line	
shapes	 in	 Figure	 5	 and	 Figure	 6	 is	 largely	 due	 to	 the	 presence	 of	 the	 trap	
magnetic	 fields,	 and	 these	 fields	 could	 thus	affect	 the	precision	with	which	 the	
line	 center	 can	 be	 determined.	We	 have	 therefore	 investigated	 and	 confirmed	
that	we	can	de-energise	the	main	solenoid	magnet	of	the	Spectroscopy	Trap	after	
antihydrogen	accumulation	while	still	retaining	about	80%	of	the	trapped	atoms.	
In	 combination	 with	 laser-cooling	 (see	 Section	 4),	 we	 should	 be	 able	 to	
additionally	 reduce	 the	 main	 trapping	 fields	 without	 further	 losses,	 and	 thus	
conduct	 spectroscopic	 measurements	 in	 lower	 magnetic	 fields	 in	 an	 effort	 to	
both	investigate	and	minimize	the	influence	of	the	magnetic	systematic	effects.		
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1s-2s spectroscopy with laser 
cooled atoms [Nature 2021]

ALPHA-g: 2021-

Lamb shift [Nature 2020]

Hyperfine spectrum [Nature 2017]

Demonstrated 

Near futureColder, denser sample of anti-H
Improve precisions 

Will enable truly quantum measurements à HAICU



ALPHA-g:  Antimatter Gravity Experiment



Antimatter Gravity Experiment

G G?

Apple Anti-apple

H

• Does antimatter fall down?  
– Many constraints incl. 5th force 

tests
– Experimental question! 

(e.g. Lykken et al, 
arXiv:0808.3929)

– Anti-H “gas” will sag due to 
gravity 

– If anti-H temperature ~300 K
kT = mgh
for h ~ 300 km

• Laser cooling essential step
• Position sensitive detection via 

annihilations
Vertical 

trap



ALPHA-g: dropping anti-H to measure gravity

Simulated anti-H 
free fall

ALPHA-g

m
m

3m



ALPHA-g superconducting magnetic trap

• 20 superconducting coils
• Number and position of elements 

carefully tailored to achieve 10 ppm 
B control

• Factors that influenced the design:
1. Persistent field
2. Wire placement error
3. Quasi-trapped antiatoms

Designed by Chukman So (TRIUMF)

Coil winding at BNL



Technical detail example: Wire placement errors

• Mirror coil winding
– Each layer is macro-

photographed and precisely 
analysed

– Turns located to within ±
0.025 mm (1/1000”)

– Each coil trimmed by adaptive 
turn removal on outermost 
layer

Fitting ruler markings Fitting wires

Macro photograph
(24 M pixel)



ALPHA-g detector system requirements

• Tracking: Key for ALPHA successes! 
– Annihilation position (few mm)

Limited by multiple scat.
– Good pattern recognition
– Uniform efficiency
– Long length coverage (~2.4 m)
– Limited radial space (~10 cm)
– Unusual B fields (Solenoid + 

Octupole)

à Radial-Drift TPC 
(+SiPM based cosmic veto)



Radial TPC designed and built at TRIUMF 

Makoto Fujiwara 23

Amadruz, Bishop, Capra, Frazer, Fujiwara, Gill, Henderson, Lu, Martin, Massacret, Olchanski, Smith, Vincent, Woosasee… 



Radial Time Projection Chamber moved to CERN 



First antiproton annihilation events in rTPC! 



ALPHA-g current status

• Long shut down at CERN 2018-21
• Completing the construction
• Beam will start in August 23, 2021 

– ELENA – upgrade to the AD
• Aiming at first free-fall 

measurement this year! 



Future perspectives
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New opportunity: anti-atomic fountain!

Objective: to make precision hydrogen–antihydrogen comparison
in the same apparatus 

à Need to improve both anti-H and H techniques!



New project in Canada

– R&D platform for development for 
“quantum sensing” techniques for anti-H 

– Use H (and other cold atoms) as proxy 
• (Anti)atomic fountain
• (Anti)Matter-wave interferometer

With H. Mueller 

• Ramsey hyperfine spectroscopy
• Optical trapping 
• Antimatter molecules

– Hydrogen difficult to handle
• 1s-2p transition at 121 nm
• Difficult to trap & detect
• No fountain made with H

HAICU(俳句): Hydrogen-Antihydrogen Infrastructure at Canadian Universities

– Techniques needed for anti-H 
could be useful to improve H 
measurements 

(Anti)atom Interferometer Simulation



• With anti-H we are questioning the 
question 

• 22 years since the start of Antiproton 
Decelerator at CERN, we entered new era
– Tremendous progress in past few years
– Laser spectroscopy at 10-12 level
– Microwave, charge neutrality, etc.
– Laser cooling opens up new opportunities   

• In August 2021:
– ELENA, upgrade to AD, coming on-line
– Gravity measurement, ALPHA-g starting

• HAICU project under development 
• Exciting future with antihydrogen physics!

Summary

ALPHA



Precision measurements with antihydrogen

R. Tomozawa

O snail
Climb Mount Fuji

But slowly, slowly!
— Issa Kobayashi 

Aiming at ambitious goals! 

かたつぶり
そろそろ登れ
富士の山
小林一茶

CPT, WEP
Violation?



Back up



• Definition of ”Quantum sensing” 
Degen, Reinhard, Cappellaro, Rev. Mod. Phys. 89, 035002 (2017) 

ß We are here with ALPHA

ß We want to go there with HAICU

Quantum Sensing with Antimater

ß This is our ultimate dream


