irfu :
institut de G BAR . Mesure de la constante gravitationnelle avec de I’antimatiere :

@ recherche sur les lois
fondamentales de

Univers

P. Debu, P. Dupré, P. Grandemange, L. Liszkay, B. Mansoulié, P. Pérez, J-M Rey, N. Ruiz, Y. Sacquin
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APERCU

*Motivation théorique et expéerimentale
“*Principe de I'expérience

s Activités positons

»Production de positons
v'Rapides
vLents

»Piégeage des positons

»Production de positronium

*Dernieres etapes franchies et planning
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Motivation

Principe d'équivalence faible

'Si un corps neutre de test est placé en un point de I’espace-temps avec une

vitesse initiale, alors sa trajectoire sera indépendante de sa structure interne et
de sa composition.”

< Simultanéité de la chute des corps

< Egalité masse inerte et masse grave

Cela a été testé avec une tres bonne précision dans un grand
nombre d’expériences du type de celle d’EGtvos,
avec de la matiere...

Certains modeles ajoutent des champs scalaires et vectoriels au
champ tensoriel, lesquels violent le principe d’équivalence.

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011




Theory and Experiment

!

Inin r r
V=-G (1 +F aev+b e s
' r b4 } J. Scherk, Phys. Lett. B (1979) 265.
Newton Supergravity:
has component of repulsive gravity
Discussion and experimental constraints : M. Nieto and T. Goldman, Phys. Rep. 205 (1991) 221
Motivation for antigravity in General Relativity: G. Chardin, Hyperfine Interactions 109 (1997) 83
Constraints
K, - K, SN1987a Cyclotron frequency p/p
No direct measurement exists
Charged antimatter e* or p (e.m. shielding)
Neutral antimatter a hard to slow down Ps short lifetime
H cooling limit mK H*cooling limit pK
AEGIS(CERN) GBAR

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011



Principle of the experiment

Il

Parabolic flight of A7

-L= 1m et v, =500 m/s — h =20 pum (E,(H) =15K=1meV)
— AEGIS experiment with H (neutral)

-L=0.1m et v,=05m/s — h=20cm (E.(H) =15uK=1neV)
— Gbar project using H" to produce slow H
P. Pérez et al, LOI CERN —SPSCI-038 (2007) Irfu, Riken, Tokyo U.

- Precision depends on the spread of the initial vertical speed
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g experiment using H'

Produce ion H” etector =R
» Capture ion H* \ '\\ e Laser (to)
» Sympathetic cooling 20 pK Yoo o
» Photodetachment of e* gravity "=z )
* Time of flight detoctor (L)

Error dominated by temperature of H

J.Walz & T. Hansch,
General Relativity and Gravitation, 36 (2004) 561.

Relative Precision on g:

H" inion trap Aglg h=10cm — At = 143 ms
5 10° 0.001 h= 1mm—>At= 14 ms
10* 0.006
103 0.02

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011



H Production via H'

et — H* + et

Standard production

— : n + Ps — H + e~
H™ Formation P

H + Ps — H' + e~

= ==4r

H H

SiO,

coating

fast extraction from trap
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Cross-sections on Ps

J. P. Merrison et al., Phys. Rev. Lett. 78, 2728 (1997)

H.R.J. Walters and C. Starett, Phys. Stat. Sol. C, 1-8 (2007)

loof | r ®*  Present Experimental E 1 .5 T ] ) l tL "
[ o T Work : - ! 3) -
. | CTMC Hydrogen ____ \i R 10-15 sz Eﬂ I —--(--—-L 10_16 sz
g o) Formaton Cemen E 1.0 | -
—‘g | CC(6,6) Y \, - Tonisation ..E,. Threshold
= [ UBA(3.3) ol pus
ol % 2 o5} -
/'/_ 7777777777 ‘ \\\- ] % H + PS H- + e+ I
p+Ps—>H+e" | S o0 L o
15 5 10 20 50 6.0 8.2 6.4 6.6
100 Epg [eV]
Ep [keV] Epy =6 keV in Ps frame
ASACUSA i 10T
every 20° —110' ¢ H ; :
y P — If all Ps excited to n=3,
et from —110%2 Ps at/cm? 1HY expect x 80
Linac & Trap
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Synoptic Scheme

p/p (7(8)

SOPHI project:
~ 3 1011 fast e*/s

107 —108 slow e*/s AIST, CEMHTI, CERN,

e’ Production : e” Accumulation : fast H& A : slow A *
| | |
@|__LINAC : : :
i RIKEN test : :
| |
Tar et [ 1.3 1010 e- / 75 | +—
) | N [ Ps — Ps* ] | é
T @ e
-
(3) Moderator/Colle| 1 Trap | @  (lonTrap) |2
ctor : et ~ meV : >[ Ps dense\_:_> & - g
(4) e’ ~MeV — eV : : Neutralize P
J ! @‘) ! R Laser ) 'CSU
f | | 5
|
|
|

~ 5 KeV

Riverside expts:

35% et — Ps /40 meV
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Efficiencies

Electrons
Linac frequency (Hz) le- (MA) le- /pulse (MA) pulse length () Ne'/ pulse Ne'(s™)
200 1.40E-01 1.75E+02 4.00E-06 4,38E+12 8.75E+14
Positrons
gc- D ed) ¢ (transport) ¢ (moderation) Ne+fast / pulse Ne+fast(s')  |Netslow/pulse  [Ne+slow (s™)
1.50E-04 08 1.00E-03 5.25E+08 1.05E+11 5.25E+05 1.05E+08
Positron Storage
¢ (trapping) accum. time (s) Ne+ stored
0.2 1200 2.52E+10
Positronium
g (et & Ps) |volumetube cm®)  |Ps density (cm?) ¢ (excitation)
0.35 0.01 8.82E+11 10
H
Np / pulse o(p+Ps = 1) o(H+Ps ) NH N
1.00E+07 1.00E-15 1.00E-16 8.82E+04 1.718E+00
every 20 minutes pulse
Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011 10



Current Status / Aims

Electrons
Linac frequency (Hz) le- (mA) le- /pulse (MA) pulse length (s) 4 Ne'/ pulse Ne'(s™)
200 1,40E-01 1,75E+02 4,00E-06 4,38E+12 8,7/5E+14
Positrons
g (c- 2 et) ¢ (transport) ¢ (moderation) Ne+fast / pulse Ne+ fast (s7) Ne+ slow/ pulse
1,50E-04 0,8 1,00E-03 5,25E+08 1,05E+11 5,25E+05
Positron Storage 174
¢ (trapping) accum. time (s) Netstored Y 106 at RIKEN > 10 10-11 at Saclay
02 1200 252E+10 /|
Positronium
g (et & Ps) |volume tube (cm’) Ps den5| (cm®) exc1tat10n)
0,35 0,01 82E+11

an

Np / pulse o(p+Ps = H) o(H+Ps H") NH NE"

1,00E+07 1,00E-15 1,00E-16 8,82E+04 {,78E+00

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011 11



Installation at Saclay (Nov’08 — May’09)

Demonstrator e~ Linac
Ec = 5.5 MeV
Imeasured — 0'14 mA

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011
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et/e- selector

detector

[ 1.400000E-001
1.200000€-0

— 4.000000E-002

I 2.000000E-002

7.000000E-002

— 2.000000E-002

I 1.000000E-002

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011 13



Fast et detection

35 Faraday cups

Expected " yield from 1 mm W target
at 5.5 MeV ~ 1 10* pere”

Linac peak current ~ .12 mA during 4 us

GEANT4 simulation: 1 mm target

_— ——
— " T
- o

L .,-f “‘“‘m
- -u}f-uz -u,a -ua .-04 -HE N

g'.,é.:l uz 0.2 us 0.2 0.2

+-|.|i“'-i

i
_.'l 0 u
] l--u.

254:82. 07 58 08 0

n- J.“']:_r-* .

10 06 -02 -0.2

IIII|IIII
.

"\1 - a
. «0.2 0.6 -02 o
MH""-\-.._\‘_ - -rf_r.-'"'
T A B B I e YO A (NI I A IR A O
e~ e’
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Fast e™ detection

Intensite (uA)

Expected e* charge on pads 11-12

N

=1
4]

-t

20

e+

~ 18 pC per burst
charge seen ~ 4 pC per burst

25 30
Temps (us)

Intensite (uA)

LINAC energy < 5.5 MeV ?

b o

-10

-15

=20

-25

-30

-35

-40

0

5

10 15 20 25 30
e— Temps (us)

electron additional background ?

Y. Sacquin — Irfu/SPP
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Synoptic Scheme

e’ Production | e" Accumulation | = fastA& A* | slow &7 *
| | |
@ vac ) : :
| | |
| | |
| | |
Target l | [ =
° ! ! [ Ps — Ps* ] ! é
| | | @ e
| | | -
(3) Moderator/Collef 1 | l t (lonTrap) | @
ctor ! | ®), S
i . P[Ps dense /—» & - =
: : : Neutralize 2
: : | Laser >
| | - I 1\ J E
| | PP (7 @ | O
: |~ 5KeV !

Y. Sacquin — Irfu/SPP

Séminaire SPhN — 7/01/2011
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Production and extraction of slow positrons

et/e-
selection
} -
e- e’ “slow”
5.5 MeV_| @ 0 Mev > Stretcher
LINAC > % Moderator —>

€ andy >
200 Hz / 4 ps

Buncher
0-5 MeV /
0.1-0.2 mA /

Tungsten near primary target
Present status Solid Neon after e*/e- selector

Y. Sacquin — Irfu/SPP

Séminaire SPhN — 7/01/2011 17



2-3 beam lines

These |
£ Horizonta _
P. Dupre ~ 100 eV e* trapping
i RIKEN MRT
Thes.e Horizontal
N. Ruiz 0-50 keV ot s Ps
Switch Y - . .
et | 10kHz-50 MHZ ETHZ PALS/TOF
150 ps (FWHM)
Vertical

Valorisation

— =X

Material Science

0-50 + 50-200
KeV >

Line 2 also suitable for fundamental research:

e AXIONS

Ps —a+ vy

e Mirror Universe Ps — invisible

e Excitation

Ps — Ps™*

Y. Sacquin — Irfu/SPP

Séminaire SPhN — 7/01/2011
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Synoptic Scheme

p/p (7(8)

e’ Production ! e" Accumulation | fast H& A * ! slow A *
| | |
@] LINAC : ! !
| | |
[ [ [
| | |
Target I I I —
° : : [ Ps — Ps* ] : é
L ' . @ |
| | | -]
(3) Moderator/Colle) | | l OI (lonTrap) |2
N ctor : : Ps dense /4 , & - g
9 e’ ~MeV —eV : : Neutralize P
J : : Laser >
: : \_ y, ©
| | (D
| |
| |

~ 5 KeV

Y. Sacquin — Irfu/SPP

Séminaire SPhN — 7/01/2011
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RIKEN NG BX* KB kBT, #iE BT, 5 BiE* L HET

Takao M. Kojima®, Nagayasu Oshima* T, Megumi Niigaki T, Akihiro Moht1*, and Yasunori Yamazaki*

M U I tl I n g T rap ERRFNEREE  Atomic Physics Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan™

25
e 20 -
£ o
S 15
—
o) . !
g 10 e ®
£ .
£ ° E
“ L]
0 - 1 1 1
0 50 100 150
Well Depth (V)

Faraday Cup &

Superconducting Solenoid Phosphor Screen

t“f::‘fﬁ'i' =

| (S (| [ [ () (6] (5] (] ) 5] (5 ] =)

| e

Position Adjuster
for e Beam (ExB)

v Detector
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RIKEN trapping mechanism

a) &~ Plasma Fommation

Stopping power of an electron plasma, n=10"" m

1000

800

600

Incident kinetic Energy (eV)

400

200

4\/II‘\II‘\

0

| | L1 1 ‘ |- |
1.6 1.8 2
time (ms)

o
=)
)
o
-9
o
m;
o
o
—
—
Mo
—
-9

Cooling by e~ plasma
Ne* stored: 10° already obtained , 1010-11 needed
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Synoptic Scheme

e’ Production

et Accumulation fast H& H*

slow 4 *

@] LINAC
Target
N )
(3) Moderator/Colle
ctor

@) e+~MeV—>e\5

@

\_

&

Laser

(lon Trap )

Neutralize

J

6

Gravity measurement

Y. Sacquin — Irfu/SPP

Séminaire SPhN — 7/01/2011
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Slow et beams: PALS/TOF

AISTTsukuba  E.T.H Zurich (A. Rubbia, U. Gendotti, P. Crivelli)
(- Suzuki, T. Ohdaira)  |RFU Saclay (P. Pérez, L. Liszkay)

Buncher tube P b

cold head

X 7T_X X mm! ! \
il sl WY WL

Drift tubes 1,2

N. Alberola et al., Nucl. Instr. Meth. A 560 (2006) 524.

CEMHTI Orleans
(M.F. Barthe)

/

Gap 2 [

| -

)

©

c

®

l Source-moderator %

bly

ton harp I\ P )
| -

Q

@)

@)

&)

@)
P

|-

@)
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The CEA-ETHZ slow e* beam based Ps spectrometer at CERN

nrthst-pnsittrnnium lifetime __ . start unique lfetime-TOF system
spectrometer £
(precise detection of emitted o-Ps) A n!_
% "u"ﬂﬂl..-l:-l"‘l \i f?_ﬂnnﬂaﬁyﬂ_
gm} > 40 % 0-Ps emission 1 " € E “-—-______*§_
100 (1-5 keV) )/ @
0
o BGO [BGO

Time |ns)

ortho-positronium
time-of-flight (TOF)
spectrometer

Ponus S0,

= F-127 D016 irolar Fatio
=0 d=15 vy dealind

5 —l:lEFhu‘-.-'nf P
= 1.0 ks 8 Brengy
= 20 b T ey
E':':' A0 ke v erey

4.0 Kt i Gy

L]
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Emission 0-Ps from single shot lifetime

PHYSICAL REVIEW A 81, 012715 (2010)

Positronium cooling in porous silica measured via Doppler spectroscopy

D. B. Cassidy.' P. Crivelli,? T. H. Hisakado,! L. Liszkay.*” V. E. Meligne.' P. Perez.” H. W. K. Tom.! and A. P. Mills Jr.!
' Department of Physics and Astronomy, University of California, Riverside, California 92521-0413, USA

UV Mirror ; i : )
UV transparent d “URFJ, Rio de Janeiro, Brazil
window e *CEA, Saclay, IRFU, F-9119] Gif-sur-Yvette Cedex, France
RS | magnet cou
0-10 k'V accelerator rings /E

255 keV
3.48 keV
4.41 keV
5.34 keV ]
6.27 keV .
7.20 keV

S —— | ;'_:,‘:= _
%acuum/ 1 ; T ﬁx Sample EH
chamber = £ fro m S aC I a.y

cloud of vacuum Ps |
/ 0.01 |
Ps formation r

Vit) (volts)

target {§)—_ Apertures for
Plastic scintillator and /alignment A
PMT for laser timin | N B S SR SRR SR
Ill'nl : ap . 0.001 0 50 100 160 200 250 300
"gl dye laser La.ser . 243 5 nm time (ns)
" - Data analysis : delayed fraction
< 350 ud/pulse 33;15 z’oons

Experimental setup (UCR) fo= Oj Vo _J V(o
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Yield of 0-Ps : comparison CERN/UCR

) T
c 40 |
gl g I O\O\O
g g 30 \O\ 4
S8 [ Co4 >~ 1 ~35x10°e*cm3st
28 ®r  CTACK0.22 Saclay ‘_
;83 8 1ol 1000 rpm
£ L ]
D S e S S et flux
Positron energy (keV)
X
1L L L e e ~ 11
oF L > J, () 10
50 [ fit: D, =f(K) i
< aof —— —fit: D_=const (K>4 kV)L] v
oo [ R-‘\R_
10 ]
El [N T T T [N TN N N T N T TN TN N N TN TN TN N NN T TN TN TN Y T T T TN NN T T T | |
0 1 2 3 4 5 B 7

No loss in conversion efficiency in spite of the 10 intensity factor
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Energy of 0-Ps : comparison CERN/UCR

CERN

P. Crivelli et al., Phys. Rev. A 81, 052703 (2010).

UCR

D. B.. Cassidy et al., Phys. Rev. A 81, 012715 (2010).

0.14

0.12

0.1

0.08

B F127-TEOS

¥ CTACI-TEOS
RECTANGULAR PORES
CUBIC BOX PORES

vt
.
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ve!
..
-
.-
V.
..

0-Ps mean energy [eV]

0.06

0.04

10

A I IR BT EPEATEE PR IR BT B
50 100 150 200 250 300 350 400 450
Sample Temperature [K]
| T | T T LI B I B B B B B B B B B R |
3 o M 3
E T fit E//
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- # o
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Dernieres etapes franchies

Q 2010
Conception de la ligne de transport des positons
lents, début de la construction (Hall 126)

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011 29



Dernieres étapes franchies (2)

0 2010
Transfert du piege de
RIKEN a Saclay:
démontage en decembre,

arrivee janvier 2011
(ANR POSITRAP : IRFU-
CSNSM-IPCMS UDS-RIKEN-
SWANSEA )

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011 30



Dernieres etapes franchies (3)

Q 2010
Formalisation de Ta collaboration:
Gravitational Proposal en cours de rédaction:
Behaviour of dépot mars 2011 (date cible...)
Antihydrogen at Approval au SPSC de juin?
Rest
irfu

Qe ansea vty
C School ofPhysial Sinces
sacla v \

Labaratoire Kastler Brossel |
\[\— hysique quantigue &t applications @ iﬁﬂﬁk#

Tokyo University of Science

A RIKEN LTS

THE Usaversry oF Towyn
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E L E NA (Extra Low ENergy Antiproton ring)

0 Nouvel anneau en projet
pour décélérer encore un peu

plus les antiprotons de I'AD, avec . _
des pertes minimes. Situé a ' 55 L
I'intérieur de 'AD “‘ . :
o AD: o -
> p 5,5MeV, 1 ligne & la fois I 01—
pendant 6, 12, 24h... e
' TR PPN PRSRT o . 1
O ELENA: : W BV
> p 100 KeV , possibilité de , M_HME ™ "
distribuer plusieurs lignes S |
»Nouvelle ligne possible
2 Decision Cern en 20117
7 #A A
—l Lr
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A venir

2011-2012
-Proposal CERN
-Modeération des positons, transport jusqu’au piege
-Installation du piege de RIKEN
-Piégeage des positons lents produits par le linac
-Optimisation de la production de positronium (linac, modeérateur)
? Décision sur ELENA
2012-1013
-Excitation du positronium
-Conception du pieége a H*
-Dispositif de photodetachment
-Conception du dispositif de mesure de chute.
2014
-Let’s go to CERN

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011
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Spin-off

0 Proposition EQUIPEX: projet PAM
Positrons et Positronium pour I’Antinydrogene et les Matériaux

Plate-forme d’analyse utilisant une source intense de positons.

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011
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Problems in Atomic Physics

Ps*toincrease P+Ps —H +e” and H +Ps —»H"+e
. oo n®
. E(Ps;,n=3)~ 0.75eV ~E(H")

Sympathetic cooling of H* with ions, laser cooling ? = 100 uK

Photo detachment with minimal recoils

Y. Sacquin — Irfu/SPP Séminaire SPhN — 7/01/2011
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Photo detachment with minimal recoils

100K — 16m/s «— mgh=13cm « 0.14s(ifg=g)

photon absorption = small effect in horizontal plane

e* recoil: 0.5 meV above threshold < o =41024'cm~

10 mW laser Y LUJ.LL%
10 H* mm2 > ~1levt/20 min col-
1ms/2Hz

laser polarization ?

H™ PHOTODETACHMENT CROSS SECTION
3
I

K. R. Lykke, K.K. Murray, W.C. Lineberger, Phys. Rev. A 43, 6104 (1991). T T

6050 6070 6090 &110 6130
PHOTON ENERGY (cm™!)
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Competition : AEGIS

Scheme “orthogonal” to ours:

positronium
converter

.$
0,

+

We send keV p into a neutral Ps cloud “at rest”
They send meV Ps* onto charged p “at rest”

We need lots of e* and keep efficiencies at
high level all along!

They must prepare very cold p (100 mK:
evaporative cooling applicable—> loss of p )

etc...

laser
excitation

H beam

SIS

S /

accelerating
electric field

antiproton
trap

ﬁ.
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