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Motivation

A direct test of the Equivalence Principle with antimatter

The acceleration imparted to a body by a gravitational
field is independent of the nature of the body :

Inertial mass = gravitational mass

Tested to a very high precision with many materials

Weak Equivalence Principle (torsion pendulum)

-13
(Aa/a), .. =(0.3+1.8)x10
S.Schlamminger et al, Phys Rev Lett 100 (2008) 041101
Strong Equivalence Principle (Lunar Laser Ranging) Mo % (_)
_ -13 M
(Aa / a)Earth/Moon B (_10 i14) Xlo

J.G.Williams et al, Phys Rev Lett 93 (2004) 261101
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/ INDIRECT LIMITS

% Theory and Experiments

CEA - Saclay

Discussion and experimental constraints :
M. Nieto and T. Goldman, Phys. Rep. 205 (1991) 221

Morrison argument(1958) :
antigravity in General relativity — violation of Energy conservation

_ B e _ o __ s C
fm,(+)=—m.(-): t

E,=E,=2m,c’ =hv,
hAv., =hv.(gL/c*)=2m gL

L
E,=E,+2mgL %
|
¢

— not excluded ? see : |
G. Chardin et J.M. Rax, Phys Lett B282 (1992) 256
G. Chardin, Hyperfine Interactions 109 (1997) 83
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INDIRECT LIMITS
Theory and Experiments

— Introduce new gravi-vector and scalar fields not coupled to y
to distinguish mg et m

(seminal article: J. Scherk, Phys. Lett. B (1979) 265)

Field Scalar \ector
matter attractive repulsive
antimatter attractive attractive
mm'
V=-G (1xaexp(-r/v)+bexp(-r/s))
I - ~ W

supergravity : one repulsive contribution

Tests with matter only constrain |b-a|
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/ INDIRECT LIMITS

Theory and Experiments

- Antimatter content of ordinary matter
(« Schiff argument »)

‘g _G‘ _ ‘g N
9 9

FIG. 2: Loop contribution to the electrostatic
self-energy of the nucleus

Scenario Argument Bound on |gy — gl /gu
. 1+ | Lamb shift < 1077
Modification of GR| ~ ) ) I
Electrostatic sell-energies of nuclei | = 107°
Antiquarks in nucleons < 1077
. Radiative damping of binary systems|< 107"
Scalar-vector - . -
Scalar charges are not vector charges| = 107°
Velocity dependence = 107"

Exact scalar/vector cancellation impossible
(D.S.M.Alves et al SU-ITP-09/36)
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INDIRECT LIMITS
Theory and Experiments

n* and ®* measurements as a function of time by CPLEAR

K9-K? oscillations depend upon dm =M , (g —g)%exp(—r [r,)f(l)
C
A. Apostolakis et al., Phys Lett B 452 (1999) 425

Summary of limits on |g — Fl for spin 0, 1 and 2 interactions

Source Spin 0 Spin 1 Spin 2
Potentiel variation Earth 6.4%10°° 41%10°° 1.7%10"°
T — Meoon 1.8%10°° 74x10° 48%10°°
with time Sun 6.5%107°  43x107°  1.8x10°°
Use of an absolute _~ Galaxy 14x107%  eix10”®  3sxi0 P
potential Supercluster  7.0X 107" 46x10~% 1ox10~ Y
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INDIRECT LIMITS
Theory and Experiments

Cyclotron frequency measururement of p (H°) et p in the same

magnetic field
R. Hughes and M. Holzscheiter, Phys Rev Lett 66 (1991) 854
G. Gabrielse et al. Phys Rev Lett 82 (1999) 3198

o=0B/2mm+aU/c’® |o—-o/o=(9£9)x10™" —»|g—g|/g<10™

A direct limit 2?7
Arrival time of one (? : 90 % CL) neutrino and18 antineutrinos
from SN1987a (s. Paksava et al. Phys Rev D 39 (1989) 1761)

gravitational delay : 8t = MG [—R/ R®+b° +(1+ Y )In‘R +vVR* +b’ /bH

5t(v,) - 8t(0, )|/ 8t(0,) <107 — [y(v,) —y(0,)|/ v(0,) <10
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/" INDIRECT LIMITS
Theory and Experiments

/

CEA - Saclay

Cosmology :
-Matter antimatter asymmetry in the Universe
-Need of dark energy + dark matter + inflation

Is there a repulsive antimatter-matter interaction ???

Paris XI thesis - A. Benoit-Lévy
director G. Chardin (2009)

— Dirac Milne Universe
Attempt to build a cosmology with
1 - matter antimatter symmetry content
— ACDM ] - and a mechani_sm to separate
— Dirac-Milne - matter and antimatter
Einstein-De Sitter 7 SNla ok
| CMB ~ ok except at small |
Primordial nucleosynthesis ~ imperfect (excess of 3He)
[ Hubble diagram of SNIa 1 Byt no BAO acoustic peak at ~ 100 Mpc/h

Redshift
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> Past Attempts and proposals

CEA - Saclay

- positrons: proposed by W. Fairbank
tests with electrons: F. Witteborn and W. Fairbank, Phys Rev Lett 19 (1967) 1049

- antiprotons: PS200 Proposal Los Alamos Report LA-UR 86-260

-Very hard : m.g/e=5.6x10""V / m (one elementary charge 5 m away)

- antineutrons: hard to slow down
T. Brando et al, Nucl. Instrum. Methods 180 (1981) 461

- positronium: short life time (142 ns) ifn=1
possibility if n>>1 (t=(n/25)""" x2.25ms)

Pbs: cooling, polarisability, ionisation...
A.P. Mills, M. Leventhal, Nucl. Instrum. Meth. in Phys. Research. B192 (2002) 102

All theoretical arguments have assumptions
To conclude : (CPT...)

05/11/2012 No direct measurement available yet 10
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Next simplest system: H
Two experiments In preparation

Principle : T
parabolic flight

AEGIS : deflectometer L
GBAR : duration of free fall 2h

AEGIS : cold antihydrogen T(&) ~ 100 mK ~ 10 pyeV
-L= 1Im & v,=500m/s — h =20 pum

GBAR : produce first cOld HY — very slow H T(#)~ 10 pK ~ 1 neV
-L=01m & v,= 05m/s — h=20cm

Goal : phase 1 : Ag/g ~ 1% ; phase 2 : Ag/g <103
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Gbar : use H* to get H atoms

= Produce io@

 Capture 1on H*

« Sympathetic cooling 20 uK
 Photodetachment of e*

* Time of flight

Error dominated by
temperature of &4

Relative Precision on g:

gravity

detector cooling 20 pK

¢ == s
- :.;;H+

|

Laser (t,)

h=20cm At=202ms

detector (t,)

J.Walz & T. Hansch,

General Relativity and Gravitation, 36 (2004) 561.

H" inion trap Aglg

5 10° 0.001

104 0.006

10° 0.02
05/11/2012
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desirable range

yTrT =
vertical height . 1km Am 1mm
L] T T
.
temperature ;1K itmK 1 UK
vertical velocity | 100 mis 10mis o 1mis 0.1 mis
H 1 L . L |

... recoil limit
“- Doppler limit
Lyman-a laser cooling

cryogenic témperature
(4.2 K)




a H™ production

CEA - Saclay

p + Ps—— H + e~
_ _ Positronium
+ —_
H + Ps — H" + e Ps = ot
J. P. Merrison et al., Phys. Rev. Lett. 78, 2728 H.R.J. Walters and C. Starett, Phys. Stat. Sol. C, 1-8
(1997) (2007)
100 F G ~10L1§'éﬁ2 o ' ‘ NA 1.5 . ] . v :
i ®  Present Experimental q?
I S Work ] (=3 o ~10'16 sz ”
] s | (b)
CTMC Hydrogen . __ e o : S
“g o} Formation e o 2] —]
iy : ey ) o CTMCPs = 1.0 -l -
o CC6.6) .~ \\X'/-’ Tonisation = Threshold
= UBA(3,3) N -
;:3 ) \\\‘\‘ g -
s \“\\\ 2 05 |- N
/, - N % 8 ! - N
0.1 . L L P O.o 1 1 2 1 i 1
2 5 10 20 50 100 6.0 6.2 6.4 6.6
E,, [keV] Epg [eV]

EH =6 keV In Ps frame
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Synoptic Scheme

100 ke

ELENA BN Docelerator il o
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Synoptic Scheme

100 ke 1
ELENA MY Decolersor B Focus IS
P P
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High intensity slow positrons source

et/e-
selection

~ 5 x 101! fast e*/s
~ 2 x 108 slow e*/s

et ‘l’
e

e+ “SIOW”

= ~ MeV
10 MeV | @ >
LINAC > % S Moderator
= € andy
300 Hz / 2 ps ~ MeV T
0.2 mA

Tungsten target
Ce+/e- prod 510

~ -3
gmoderation 3 10

05/11/2012 Pascal Debu - CEA Saclay / Irfu

3 eV

Tungsten near primary target
Smoo_leration ~ 5 x10
Solid neon after e*/e- selector
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ﬁ Prototype at Saclay

Slow e*
detection

RIKEN Penning
trap for e*

=T
y 'J ’

) o £
\ l 1 };:- Y |8} NG
= |

;;;

e- linac W target magnetic
4.3 MeV separator

Present slow e* rate : ~4 10°s1?
Extrap. to 10 MeV :~510"s?

Target value :~3108¢st
(higher energy, frequency, moderation)
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Synoptic Scheme

ke

100 ke 1
ELENA B= Decelerator N 3 -L
b P
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a] RIKEN Multi Ring Trap

/

¥ [ === . s '
CEA - Saclay Lakh _ & s | = : ., Faraday Cup &
el J‘ o ) e N _ Superconducting Solenoid b0 o creen
' T R
’ ” B\ | 705 N -
. il e, s N = W100
IR MRT (100) CCD
3 =\ e Beam!] - - (-

-l
P I_IDDDDDEEiIDDDDD
Position Adjuster H
for e Beam (ExB)
a) &~ Piasma Formation ector
v
_‘ -800V
e~ Beam I..:r_'.-"
b) e+ Trapping
Q\l
¢/ [ L
A u— , \ ‘:5 - \%v‘;—
3| Jfaj - ‘\" = &* Plasma 7

- Cooling by e plasma, 10° e* stored, trapping efficiency &,,,in,~ 1%

N. Oshima et al., Phys. Rev. Lett. 93 19 (2004)
» Trap now at Saclay: start test accumulation with pulsed e*

Eyrapping =~ 0% expected, few 1010 e* needed
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1,2
‘ 1 ) g ®
>, . , o "
g 0,8 ) . L]
CEA - Saclay 2 0,6 _
o ’ =
E 04 N = Efficiency measurement at RIKEN
L .
Trapping pulsed R
> Efficiency simulation
e+ beam :
200 400 600 800 1000 1200
Acceleration potential of positrons (V)
| Stopping power of an electron plasma, n=10"" m* 160 04 o
P — [
7 140 . 0,35 %
E 1.85_ . 120 [ ) : " N N 0,3 _Q.
> 1.6 2 100 . 025 £
£ - — [
= = [ c
o 1.4 Q 80 0,2 (o)
© j2E E s _* Time for trapping 015 G
1= 40 01 w=
= . . )
0.8 20 + Fraction of time in plasma 0,05 £
0.6 0 o F
0.4F- 200 400 600 800 1000 1200
0.2F Acceleration potential of positrons (V)
- L I L L L I L L L I L Il il I L L 1 I 1
% 200 400 600 800 1000
Incident Kinetic energy (eV)
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Synoptic Scheme

100 ke 1
cLENA B Decolrator
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Production of 1012 Ps/cm?

Positronium target is produced with a porous SIO,
converter:

dump few 1019 e*+in less than ~ 140 ns onto converter
e* converter — Ps

Experiments at CERN: Irfu/ETHZ (e* beam)
and at UCR Cassidy et al. (trap)

* Ps in fundamental state

* EC ~40 meV
 Efficiency of Ps production in vacuum > 30%

05/11/2012 Pascal Debu - CEA Saclay / Irfu
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Yield of o-Ps

~3.5x10° et cmst

et flux
X
...1011

\ 4
~ 5.6 x 1016 ¢* cm-2s-1

§ ;\a 40- O\O\ y
2 £ a0} O\o\
ZS | chaa o—
28 ®[ CTACI0.22 Saclay
L.Liszkay et al., g % 0p 1000 rpm
Appl. Phg/s. Lett. 92 = '
(2008) 063114 %5 1 5 3 . . 5
Positron energy (keV)
Eﬂl_l'"I""I""I'::I':Jr;l""l""l"'l:i}}l_i
50 | fit: D, =fiK) i
= 4D L " —fit: D= const (K=4kV))]
= 30f e i
ol Q\M\“‘ﬁ_
: 10 |- i
F[)DHB.%assﬂyS%tal., ] T N R T T W A
S. REV. 0 1 2 3 4 5 6 7
01¥715 (2011) K (keV)

No loss in conversion efficiency in spite of the 10 intensity factor

05/11/2012
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100 ke 1
ELENA = Decelerator i
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H™ production

e’ tra .
. P 0 .+ | Dump ~10%e*in
Linac - accumulate ~ 2 10°% e
3 10% slow e*/s every p burst~ 2’ Ps converter
yp In < 1,.=142 ns
RIKEN test :
1.3 x101%9e-/ 75 ns
p + Ps - H + e~ |
Positronium cloud Si substrate
H + Ps — H'" + e~ \\ ,/
\
— =
Antiproton beam
(1 keV) Positron beam (3 keV)
closed geometry to keep density
(SiO, reflects Ps) 7

A
Mesoporous film
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Cross-sections on Ps

J. P. Merrison et al., Phys. Rev. Lett. 78, 2728 H.R.J. Walters and C. Starett, Phys. Stat. Sol. C, 1-8
(1997) (2007)
Te-10Teme L 18—
- —— ‘;(:)srim Xperimenta j s G ~10'16 sz )
FBA \\i = ) (l)) 4
. CTMCt il(;lr))/drogen pr P . hod g 4
25 10;— Forma : IS o CTMC.PS i :oé 1.0 L I g
E SCBX)(?% \\: Tonisation j = Threshold
£ I ol W = -
§ ‘_,:’ \\\\ 2
g 1_ II/;\,' \\‘\\\\ (% 0.5 . _
/,/' ----------- \‘\_ 8 L - v
p+Ps—>H+e 300 niPsOMNTE
0.1 LS ; * : 2 4 A 4
2 5 10 20 50 100 6.0 6.2 6.4 6.6
E,, [keV] Eps [eV]
o En =6 keVin Ps frame
AD/Elena Facility =
0 = . .
CERN — 1610°p 410°H if fraction of Ps
—
2 x1010 ¢* — ] =
1012 Ps/cm? 1+ excited to n=3
from trap expect X > 100
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Synoptic Scheme

] [ H

Lase
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Method used at ISOLDE :

Deceleration & focusing of p

60 keV 1on beams delivered in 2 keV bunches of < 50 ns

P
from ELENA
100 keV 1 keV
1 1 02m
Armmmrad — | 4071 mm mrad
- 99 kV

-

drift tube

- 99 kV
switched to 0 V

05/11/2012 Pascal Debu - CEA Saclay / Irfu
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1 keV
p pulse

Tests with p
IN preparation
at CSNSM
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Transport to Ps™ reaction chamber

I

— Full simulation
with SIMION
T-WAE = 4f- 440 J-Wse =z 3441100
.: preliminary
:i transmission:
E 449
?
C-Whez 4f- QAR R f-WAME = 34010

05/11/2012
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100 ke 1
ELENA MY Decolersor B Focus IS
P P
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H* cooling

« Segmented RF Paul Trap, well depth ~1 eV
« Sympathetic cooling using Be* ions
» Laser cooled Be*ions
»Coulomb interaction of H* and Be*

Cooling laser
E— . o o6 — <+ BerDoppler cooling
=1 I = » Temperature ~ 1 mK
H* capture Be* tra  Be* sub-Doppler cooling
trap ¥ » Temperature ~ 10 uK
NIST group

M. D. Barrett, D. Wineland, PRA 68, 042302 (2003)
Sympathetic cooling of °Be* and 2*Mg™* for quantum logic
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Synoptic Scheme

100 ke 1
ELENA M Decolrator X Focus Bef]
P P
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Photodetachment

H*binding energy 0.76 eV => p, ~0.76 eV/c

Recoil due to absorption: Vg = p,/ my= 0.2 m/s =>
4 cm for 0.2 s fall

Recoil due to e* emission: y must be very close to threshold

2mE
E,=E,—076=> v_, = nnll ¢ ~1misforE, =10 peV
H

H free fall detection

-arrival position X,y (mm) =>v,, v,
-TOF (140 ms)

=> cross-check of initial temperature
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Free fall measurement

T=10pnk AE=1 neV

_ 40
H atoms i
in Paul trap

Z ()

after phgtodetachement 20 | _
of the excess positron i Capture

electrodes

or [ laser _ _ 30 |
" beam Atoms trajectories [
[ ] y I ﬁ'-."l o

annihilation plalw

TR T [T T T
Q .1

| L(m) | -10 |

h=1/2 g (t;-t)*+V,o(ti-to)

Aim : measure g to 30 |
1 % precison (first phase) ;
~ 1500 events needed
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Efficiencies

Electrons

Linac frequency

Mean current

Pulse current

Pulse duration

Electrons per pulse

Electron rate (s—1)

300 Hz

0.2 mA

0.33 A

2us

4.2 x 1012

1.25 x 101%

Positrons

P

Production efficiency

Transport efficiency

Fast positrons per

Fast positron rate

Moderation efficiency

Slow positrons per

Slow positron rate
(s71)

(at 10 MeV) pulse (=1 pulse
5.5x 1074 80 % 1.8 x 107 5.5 x 1011 5x 1074 9.2 x 10° w xy
_~———~__ Positron storage
Trapping efficiency Injection time / Stored positrons\
70 % 110 s \ 2ixwe )
Production efficiency Tube section Tube length (ﬁsitronium dens% Loss fraction from Ps
decay
35 % 1 mm? 1 cm \Qx 1011 cny 0.5
Antihydrogen positive ions
Antiprotons per pulse Deceleration and Production cross Production cross H per pulse H' per puls
bunching efficiency section of the I atom | section of the | ion
6 x 108 80 % 1.4 1071€ cm? 8.8 107'% cm? 3.9 x 107 0.32
_———_ Antihydrogen atoms

P
(ﬁ event rate [S_%

'Y Trapping Cooling efficiency cold H' per pulse Photodetachment Detector acceptance H events per pulse
efficiency efficiency
100 % 70 % N 02 S 99 % 65 % 0.14 S dax1w0 S

All details in :
P. Pérez et al, Proposal CERN - SPSC- 029 (2011)

05/11/2012

A few weeks of running to get 1500 events

Pascal Debu - CEA Saclay / Irfu
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Schedule and perspectives
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Gravitational quantum states of Antihydrogen
A. Yu. Voronin, P. Froelich, and V. V. Nesvizhevsky,
Phys. Rev. A 83, 032903 (2011)

« H Source:
* very low temperature
* high phase-space density
 compact system

* Improve the precision on g with the spectroscopy of

gravitational levels of H above the annihilation plane : similar
method as for UCN neutrons (GRANIT spectrometer)
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a Towards a higher precision on g

CEA - Saclay

Put the detection plane at z
very close to the Paul trap Annihilation rate vs time
Center hight few tens of events needed to reach ~10-3 precision !

[I 3.0 7

C - - t 254 |
asimir effec T
[
20 N
Do i — Perfect surface || 2. ol |
—— Silicon surface R | |
€ ] - - | | |
g 08 ...... B L I TP ] l
o
= |
% 0.7k 1049 [ [
8 I N
c 06F- ( (| M
o 0.5 I )
5 g5k AL
Bos A "
0 )
Soari 0.0 :
v AJ A L) v T v L 3 1
E 20 40 80 80 100
& 03 t(ms)
S
&g 02 .
04t Figure 53: Evolution of the annihilation rate of H atoms for a superposition of the 3
lowest gravitational states.
0 i LiiiiT
107" 107 107 107 107 107" 10° 10’ 10°

gz (J/Kg)

Reflection probability
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Synoptlc Scheme
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* New ring under construction to
decelerate antiprotons from AD
(efficiency gain ~10 for
antihydrogen ecperiments)

® AD:
o p 5,5MeV, 1 line at a time
during 6, 12, 24h...

®* ELENA:

o p 100 keV continuous
o several extraction lines

¢ Commissionning 2016

® Start physics in 2017

05/11/2012

ﬁ Coming soon : ELENA

“  (Extra Low ENergy Antiproton ring)

!
5P -
G505 LA - Y ;\\
“ i i o SR

Y, | W | r et '3 >

2 il S RAEROON

W T L’- o /:: N \\\ S

ks H :: R Ry \?;‘

o 2 g |

....... )_‘ . guunnm'f [RAP -i___ ] L ol P‘

[ Y Y Y | v | 1 i |

E : g P BT | — || i \
Scale " ) [ 2 ’:A E’-! I I
.I_L_A_uil_bJ H 1
5 I A 0 :
BuT -ijl 1B 7 i H P i
A \ é_ [ 2 1 'H
Firet floor ASACUSA - H A
; Tl
A T W Vs PN Ixﬁm 7
—l Ir
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* 05/2012

* 12/2012:
* 06/2013:
* 06/2014:
* 06/2014:
* 12/2014:
* 06/2015:
* 03/2016:
* 01/2017:

05/11/2012

GBAR Schedule

. approval by CERN Research Board

e+ trapping

deceleration technigue demonstration with protons
Ps production and excitation

detector tests with cosmics

sympathetic cooling demonstration with matter (H,*)
Installation at CERN

Commissionning

ELENA starts and later... first measurements

Pascal Debu - CEA Saclay / Irfu
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e a The GBAR collaboration

CEA - Saclay

Country Institute Members
. . FRANCE CSNSM G. Chardin, P. Dupré, D. Lunney, V. Manea
14 Institutes
L. FRANCE ILL V. Nesvizhevsky
46 physicisists | .
FRANCE IPCMS P-A. Hervieux, G. Manfredi

P. Debu, L. Liszkay, B. Mansoulié, P. Pérez, Y. Sacquin,

FRANCE IRFU B. Vallage
Var I etv Of p hvS I CS fl e I ds F. Biraben, P. Cladé, A. Douillet, A. Gérardin, S. Guellati, L. Hilico,
FRANCE LKB P. Indelicato, A. Lambrecht, R. Guérout, J-P. Karr, F. Nez, S.

Reynaud, V-Q. Tran

Partl C I e GERMANY JGU J. Walz, F. Schmidt-Kaler
Acce I e rator JAPAN RIKEN A. Mohri, Y. Yamazaki

. . JAPAN U. Tokyo N. Kuroda, H. Torii
Plasmas and ions trapping
JAPAN TUS Y. Nagashima
Cold atoms
- - POLAND NCBJ S. Wronka
Positronium
. . RUSSIA Lebedev A. Voronin
Material science
SWEDEN Uppsala P. Froelich
CO I d n eUtrO nS SWITZERLAND ETHZ A. Badertscher, P. Crivelli, A.Fijubrti)(i);]i, A. Marchionni, B. Rossi, A.
Theo ry KlIJl\,l\l(IB-II-DE(I)DM Swansea M. Charlton, S. Eriksson, N. Madsen, D.P. van der Werf
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