
1 

Towards a test of the Weak Equivalence 
Principle of gravity with anti-hydrogen 

https://gbar.web.cern.ch 
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The GBAR collaboration 



• Test	of	the	weak	equivalence	principle	

	
• Tests	on	‘usual’	matter	
			Torsion	balances	→	10-13 		
				Space	mission		MICROSCOPE	(see	previous	talk)	
	 	 	(CNES,OCA,ONERA,…,LKB)	→	10-15	
•  	Test	on	antimatter	
			Indirect	indications	cyclotron	frequencies	proton/antiproton	(~clock)	
	(Gabrielse,	PRL	82,	3198,	1999)	
		
(	Borchet,	Nature,	601,53-57,	2022)																																				~10-11			
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Why study the gravitational 
behavior of antimatter ? 

gmam Gi
!!

=
Inertial mass ? = ? Gravitational mass 

 

~ 10-10  



• Free	fall	of	charged	antiparticles	(e+,	p)	

	
	
• Simplest	neutral	anti-atom:	H	(p e+)		and	(e+e-)		
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Why antihydrogen ? 

Requires 
e+: E < 10-12 V/m  ! 
p : E < 10-7 V/m  ! 
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A demonstration experiment 

•   ~ 1 trapped H atom at each run 
•  Release atoms 
•  434 annihilations 

ALPHA collaboration, Nature Comm. 4, 1785 (2013) 
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Observation of gravity on the motion of H 

6 Alpha-g coll. Nature 621, 717 2023,  g /g = 0,75(13)(16) 
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Principle: 1. produce an H+ ion (p- e+ e+): 
 
 
 
        2. sympathetic cooling by laser-cooled ions 

   
    3. photodetachment at threshold (λ = 1.64 µm) → H at rest 

The GBAR project: principle 

•  Free fall: vf ∼ few m/s 
 

     Good precision on g if Δviz < 1 m/s   T < 100 µK 
 

     Ex: T = 10 µK → 1% on g with 1500 atoms 
 
•  Laser cooling of H : challenging !  (λ = 121 nm) 

h < 1m 

Initial proposal  J. Walz and T. Hänsch, General Relativity and Gravitation 36, 561 (2004) 
Birth certificate  P. Perez et al., proposal SPSC-P-342, accepted by CERN in 2012. 

H 

p+Ps→H+e−

H+Ps* 3D( )→H+ +e−

H+ +Be+ +hυ→H+ 4neV( )
H+ 4neV( )+hυ@1.6µm→H@rest
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The ion trappers’ mission 
•  ∼ 1 H+ ion every 100s 

 

 Emoy(H+) ≅ Emoy(p) ∼ 1-6 keV  (depending on chosen Ps state) 
 ΔE (H+) ≅ ΔE(p) ∼ 200-300 eV ∼ 106 K 

 Δtcreation ∼ 10-20 ns, Δx ∼ Δy ∼ 1mm, Δz ∼ 10mm 
 

•  Objective: trap and cool to T ∼ 10 µK ∼ neV 
  

11 orders of magnitude with efficiency close to 100% … 
 
 

•  Strategy: sympathetic cooling by laser-cooled ions 
    in RF (Paul) traps 

•  Trapping well depth ∼ 20 eV 
      → pre-cooling necessary 

 
A. Douillet, L. Hilico and J.P. Karr 
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 Photo-detachment and detection 

Photo-detachment  (λ = 1.64 µm) (P. Cladé, S. Guellati, C. Blondel, and 
C. Drag)  
 
- Horizontal beam 
- Just above threshold to minimize recoil from positron ejection 
-  But σ → 0 like (E-Ethr)3/2 

- Best compromise: ΔE ~ 1 µeV. 
  Photon recoil ~ 0.2 m.s-1    Positron recoil ~ 0.3 m.s-1 

  Photo-detachment time ~ 150 µs with 1W over (10µm)2 

- laser source: cw OPO pumped by fiber laser (2W). 

Detection (people from GBAR collaboration) 
 
-  p-p annihilation emits charged pions (π+, π-) 
-  Time Projection Chambers: trajectories of charged particles 
           precision on the annihilation vertex ~ 1 mm 
- Scintillating detectors to get precise annihilation time 



 Antiproton Decelerator (AD) CERN 
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p (26GeV) -> metallic target  
106 collisions -> pairs p p 

Deceleration in AD : 0.96 c ->0.1 c 
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AD Hall 

ELENA 

GBAR 

 bunches of ∼ 7 106 p every 120 s @100keV <-> ~ 4 x 106m/s 

~70m 

AD beam line  
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ELENA : Extra Low Energy Antiproton  : 5.3 MeV ->0.1 MeV (0.1c -> 0.014c)   



Set up for first production of H from GBAR 
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p+Ps→H+e−



 Production of Ps 

Ø 	Produce	Ps	(e+e-)	in	sufficient	quantity	
						

	→	Intense	source	of	positrons	
						‘usual’	source:	22Na	→	22Ne	+	e+	+	νe	+	γ      too	small	intensity	
							LINAC	high-energy	e-	on	high-Z	metallic	target:	e+e-	pair	creation

~1
 µ

m
 

Pore size ~ 6 nm 

Positron beam 
(∼ 3-5 keV) 

Ps 

Mesoporous 
silica film 

Substrate 
(Si) 

- Excellent conversion efficiency (> 30% !) 
- Ps energy: < 0.1 eV 
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GBAR experiment at CERN 

e+ 

p 
GBAR zone in AD Hall 

H 

Deflector e+ converter 
Collimator e+ converter 
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First production of H  from GBAR 

P. Aldrich et al, “Production of antihydrogen atoms by 6 keV antiprotons through 
a positronium cloud”, accepted for publication in EPJC 
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Bias correction implemented thanks to theoretical evaluations : 
•  Casimir-Polder potential for real plates 
•  Quantum reflection of cold antihydrogen atoms as a function of their 

energy, to be taken into account in the data analysis. 

Theoretical contribution to the project initiated by the 
team “Quantum Fluctuations and Relativity” and 
now P. Cladé, S Guellati, J. Guyomard and S. 
Reynaud (see next talk) 

Quantum reflection of antihydrogen atoms from 
the Casimir potential of the detection plate 

•  suppresses close contact with the plate and 
therefore prevents annihilation 

•  would bias the free fall measurement, 
if not properly accounted for 

Quantum reflection of antihydrogen 
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Quantum reflection could be used for : 
•  reducing the initial distribution of vertical velocities 

of cold antihydrogen atoms in GBAR (initial idea) 
•  improving the accuracy in the  

measurement of  g with respect  
to unrestricted free fall (~10-4) 

 (see J. Guyomard talk) 

On a longer term, quantum reflection could be used for trapping ultracold 
hydrogen/antihydrogen atoms in the quantum states above a matter slab 
(Eur Phys J. C. 123,1-10 (2020) and improving the accuracy by quantum 
spectroscopy measurements (strong analogy with measurements on 
ultracold neutrons) 

Possible improvements 

Experimental studies of quantum reflection with cold hydrogen : 
GRASIAN international collaboration (https:\\grasian.eu) 



Current : optimization of H production 
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- Simulation of p, e+ transportation : qualitative agreement 

Courtesy B. Tuchming  

è indications of E, B 
stray fields contributions  

-  Trapping p in magnetic high field trap  => cooling of p with e-    



 summary and outlook 

• 	We	have	demonstrated	our	first	production	H	atoms	on	GBAR	
setup.	

• 	We	have	a	qualitative	agreement	for	charged	particles	
transportation	between	experiment	and	simulation.	We	are	
working	to	optimize	those	transportations	(better	control	of	
stray	fields,	etc).	

• 		Before	the	long	shut	down	(LS3)	2026-	mid2027	:	
–  trapping	p	and	improving	H	production		
–  	measuring	the	cross	section	of		H	+Ps	->	H+	+e-			
with	H-	beam	(100keV)	from	ELENA	(CERN)	assuming	invariance	by	
charge	conjugation	:		H-	photoionization	then	:		H +	Ps	->	H- +	e+	.	
–  	measurement	of	the	H	Lamb	shift	(2S-2P)	
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Conclusion 
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Very long term experiment… 
 
 
Thank you for your attention 
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BASE / gbar 

Nature, vol 601, p53, Jan 2022 
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GRASIAN: demonstration experiment 
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Eur Phys J. C. 123,1-10 (2020)  

trap MGT 


