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\ \ Motivations

Answer the question How does antimatter falls ?

Chawtter

Neutral antimatter

A H Ps=

ee



\ \ Related projects &_Q”Pmc
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annihilation

e AEgIS (IN2P3) detector
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65 < _/g <110 Nature Communications 4, 1785 (2013)
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\ GBAR concept - @ueme
LKB\ ) a

> Measure the free-fall time of a H atom <
If atom at rest : v; 02 m/s h~20cm .

Requirement : Av, << 1 m/s « T << 100 pK

Goal: T=20pK - 1% on g|with a few 103 atoms

A=121nm

Laser cooling ? Doppler limit
Recoil limit

[ = 21100 MHz Tp = 2400 pK
T, = 650 pK
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> How to produce ultra-cold H ?

J. Walz and T. Hansch, General Relativity and Gravitation 36, 561 (2004)
P. Pérez and A. Rosowsky, NIMA 545, 20 (2005)
P. Pérez et al., CERN-SPSC-P-342 (2011) ; accepted (2012).

From the ideas to
the GBAR proposal

1. produce an H* ion (pe*e?): Ps*+p->H" +e”
Ps*+ H(ls) > H* + e~

2. Trapping and sympathetic cooling of H*

3. photodetachment at threshold (A = 1.64 um)




Experimental scheme
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\ \ Antiprotons : AD and ELENA Ueme

LKB

T E ooy, @ Injection at 3.5 GeV/c >MeV
@ Antiproton” P E— 000
Production

@ cExtraction :
@ Deceleration and (3 107 in <300 ns) AL
Cooling .

(3.5 - 0.1 GeV/c)

Location for future &
oL S - 3 i
ELENA installation § g

Electron Cooling _
M 300050 BBOW-EEe~088 T eC

Bunches of ~ 5 10° p
every 110 s
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\ \ Production of positrons Qe

» Requirement : produce a large number of Ps atoms

— Intense source of positrons + accumulation

‘usual’ source: 22Na - 2Ne +e*+V_+Yy  too small intensity
LINAC source: MeV e~ and W e/e* converter OK

,,.e__.:.'.;..._..-
%2 ) Demonstrator at CEA (Saclay)
4m a '”‘ «— 2m —
; {iis Aub 2 : i § f N _.I..._= v= g 2 I
fia 11’y o3 Ll L= @ [
1. Linear accelerator of e (4.3 MeV) 4. Transport line (solenoids)
2. e*/e” convertor (tungsten target) 5. Penning-Malmberg trap (B = 5T)

3. Moderator (tungsten mesh) MeV - eV (RIKEN, Tokyo); cooling by e 9
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Positrons at CEA

L. Liszkay

C. Corbel

P. Debu

P. Dupré

P. Grandemange
P. Pérez

J.-M. Rey

J.-M. Reymond
N. Ruiz

Y. Sacquin

B. Vallage

Slow positron flux 3100st

Positrons at CERN

New Linac under construction 9 MeV 108 s1

e Positron accumulation needs to be improved (Goal: > 101° e* in 110 s)
» Construction of a buffer gas trap to reduce e* energy before entering

the Penning-Malmberg trap

10



\ \ Conversion e* / Ps @uemnc

LKB

Mesoporous Substrate

Sy
Pore size ~ 6 nm

silica film (Si)
Ps [
Positron beam_ P \
(O3-5keV) | p
= T ]

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

11



\ \ f* production cross-sections - @ueme

By w&i,i
n
10k, 523 % Psi ??p;' ] 4
i 3S 320ns 3P 10.4ns 3D 31ns
= '} A =1312nm #
g il »
= f 2S 2P
[} |
= : 1.2 ps 3.2ns
= | 2 x
a 10F .
= |
-:}'514:'1525-
Impact energy (keV)
P. Comini and P.-A. Hervieux, New J. Phys. 15, 095022 (2013) A =243 nm A =410 nm
See also A.S. Kadyrov, M. Charlton et al., PRL 114, 183201 (2015)
Possible choices : Ps(3d) at 6 keV or 1 keV
Ps(2p) at 2 keV
Estimated production yield : 135 11§
1

5 106 D }_} 104ﬁ 142 ns 125 pS
3.1010 e+ , 10712 Ps/cm2 1H* 12
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100 keV p pulse
300 ns (1.3 m)

47 mm mrad

A. Husson
D. Lunney
(CSNSM, Orsay)

\ \ Antiproton decelerator @uenc

drift tube

>

1 keV (0.2 m)

>

407 mm mrad

—

switch




\ \ Interaction chamber @ueme

ﬁ+
P. Crivelli (ETH Ziirich) _ vf(;l o
L. Liszkay (CEA/IRFU) % }'

y
T[ﬂ}mﬁ Si with mesoporous SiO, coating
>

Test target (first with protons)

ﬁe+ Window Si,N, (30nm)
:> _vg_é’g 13mm? i |

60mm

Porous silica H*

* N.B. Momentum of H* quasi identical to that of p

14
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\ \ Pulsed laser for Ps(3d)

P. Comini, F. Nez (LKB)

Pulsed YAG 236 m) CW Ti:Sa 460 mW @

L8

Doubled YAG 6 W
1

|

=

B Ti:sa Oscillator 4 m)

S

»At~9ns,E=4mJ@ 820 nm
= U2 mJ @ 410 nm expected (LBO crystal)

> Linewidth of the same order as 1s-3d

transition in Ps (2"%-order Doppler effect ~ 30 MHz)

15



\ Experimental scheme @veme
LKB\
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\ The ion trappers’ mission @uenc
LKB\ '
e [J1 H*"ion every 100s

Eo(H?) OE,,(p) 01-6 keV (depending on chosen Ps state)
AE (H*) OAE(p) 0200-300 eV 0106 K
At [110-20 ns, Ax OAy 1mm, Az 110mm

creation

e Objective: trap and cool to T 120 uK OneV

11 orders of magnitude with efficiency close to 100% ...

o Strategy: sympathetic cooling by laser-cooled ions
In RF (Paul) traps

* Trapping well depth J20 eV

- pre-cooling of p required .



Crystal of
laser-cooled
°Be™ ions

1. Macroscopic “capture trap” (our team, LKB) Be* /i
ef/H*

Doppler sympathetic cooling to T ~ 10 mK lon pair

2. Micro-fabricated “precision trap” (F. Schmidt-Kaler, Mainz)

Raman sideband cooling to the motional ground state

T, =204K correspondsto w, =27rx400kHz= Av, = /Z_w ~03m.s! 18
m



\ \ Simulations of ion intake @eme

e One possible way: play the ‘drift tube’ trick with the trap itself

laser-cooled
Be* ions
UDC—in
Upiais= 980 V
Biased linear RF Paul trap oV
1D O | ) “ DC-out
%2 1000... 0V
00 PO R D R 100 A
Q M - 75+ *°
S 75 - . . *
g 50 °°
g 50 * P .
= V'S L 2 o5 *
25 e .
9 0 ‘ ‘ ‘ 0 T T T 1
| | | 0 25 50 75 100
0 0,5 1,5 19

T(us) | T(eV)



: : UPmcC
\ \ Capture and sympathetic cooling @;
LKB

Numerical simulations

eExact time dependent trapping fields Be.+

eFrom 100 to 15360 Be* ions
eExact Coulomb forces

0.003;
0.002f
—~ 0.001
£ 0}
N _0.001}
-0.002}
-0.003

Capture time = energy? initial energy 150 meV 7 ms
1.5eV 700 ms

10 eV 30s



Work in progress

626 nm 0.1 ...

2 W



\ Raman sideband cooling of Be* ¥®upmc
LKB\ = -

H*'® @ Be'
Be* internal state Quantized motional state

s . o oo N

32 F=0,1,2,3 A

Py — F1,2 ¥

e e
A =313.13 nm

28 F=2 ‘+> \'\\ :

2 — F=1 ) -

5= 1.25 GHz -) e

— § N
- Initialization in the motional ground state of single ions or few-ion strings

= quantum manipulations, optical ion clocks
- Requires a tightly confining trap (Lamb-Dicke regime) and several lasers 22



\ ‘Precision trap’ for ground-state cooling ~ @v=me

LKB\ S. Wolf, F. Schmidt-Kaler (Mainz)

Symmetric trap fields

Few um precision fabrication
Segmented electrodes

for versatile axial potentials

Time-dependent potentials:
fast digital/analog converter
boards controlled by FPGA

First Ca* ions

23
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\ \ Experimental scheme

CAPTIIOE & FfAandiuae “"\.

Least q

3. H* detachment {q®

and detection
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\ Finally : Photodetachment and detection @uenc
LKB\

A /fDetachment laser

. Phototodetachment (A =1.64 um) H*+hv > H +e*

- Horizontal beam
- Just above threshold to minimize recoil from positron ejection
h=03m - Buto - O like (E-E;,)%?
- Best compromise: 4E ~ 1 peV.
Photon recoil ~ 0.2 m.st  Positron recoil ~ 0.3 m.s1
Photodetachment time ~ 150 ps with 1W over (10um)?
- Commercial source: cw OPO pumped by fiber laser (2W).

Detection

- p-p annihilation emits charged pions (1T, TT)

- Time Projection Chambers: trajectories of charged particles
precision on the annihilation vertex ~ 1 mm

- Scintillating detectors to get precise annihilation time

25
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\ \ Possible improvements Pueme

» Quantum reflection of antihydrogen atoms from the Casimir potential of
the detection plate =t

G. Dufour, A. Gérardin, R. Guérout, A. Lambrecht, V.V. h I
Nesvizhevsky, S. Reynaud, A.Yu. Voronin, PRA 87 012901 (2013)

G. Dufour, RG, AL, VVN, SR, AYuV, PRA 87 022506 (2013)

G. Dufour, P. Debu, A. Lambrecht, V.V. Nesvizhevsky,
S. Reynaud, A.Yu. Voronin, Eur. Phys. J. C 74 (2014) 2731

-

R H
. L Y

A.Yu. Voronin, V.V. Nesvizhevsky, S. Reynaud, J. Phys. B 45 (2012) 165007
G. Dufour et al., Adv. High Energy Phys. (2015) 379642

» Laser antigravimeter

How to use antiatom interferometry to mesure g ?
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