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The GBAR experiment

» direct test of the weak equivalence principle with antihydrogen (free fall)

e first measurement from the ALPHA-g collaboration
* Aim of GBAR: gravitational free fall of antihydrogen with 1 % precision and better

* ~10 pK is needed for the direct measurement (~0.5 m/s) D +Ps >H +e
H+Ps—>H"+e

2 reactions in the Ps target

Cooling of neutrals to this temperature is not possible (recoil limit 1.29 mK)

Distinctive idea of GBAR: high positron density needed
use positive antihydrogen ion, created by two reactions in a positronium cloud

Laser photodetachment +

Doppler sympathetic Raman sideband cooling free fall until annihilation
cooling (Paul trap) (precision trap)
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The CERN accelerator complex
Complexe des accélérateurs du CERN
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The GBAR experiment at CERN
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Choice of positron source for GBAR

GBAR:

* highest possible positron flux (isotope-based source is not enough)

* no long-lived radioactive contamination, low dose rate outside the linac bunker

e time structure is not important (pulsed beam has advantages — use of SiC remoderator)
* place for a quite big bunker but not enough for shielding a higher energy linac

22Na isotope-based source | Low energy (<10 MeV)
linac-based source

Positron flux <107 e*/s, 2.6 y lifetime 107 ... 108(?) e*/s, constant

Time structure continuous pulsed

Maintenance source change only requires personal

Radiation protection local shielding only requires thick shield
(bunker)

Radioactive strong, small source no long-lived activation

waste/contamination

Other experiments (ALPHA, AEgIS, ASACUSA) at AD use %?Na isotope-based positron source
problem with source supply: only one producer (iThemba LABS. in South Africa)






The 9 MeV electron linac

* 9 MeV electron linac supplied by a 7.5 MW klystron
e up to 300 Hz repetition frequency

e used at 200 Hz this year
e 300 mA peak current, 2.5 ps pulse length

~ 900W in the water cooled tungsten target




Electron target and positron moderator

e- target moderator optimal electron target
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The GBAR positron source and positron transport line
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Performance of linac-based positron sources.

Linac e~ energy e~ beam power Slow e® flux Efficiency
MeV W 107 et /s 10~7 et /e~
Oak Ridge [33] 180 55000 10 0.53
Livermore [34] 100 11 000 1000 16
ETL, Japan [35] 75 300 1.0 6
KEK [36] 55 600 5 7.3
Ghent [37] 45 3800 2 0.4
Giessen [38] 35 3500 1.5 0.2
Mitsubishi, Japan [39] 18 16 0.077 1.35
GBAR, CERN 9 2500 5 0.28
Saclay, CEA [40] 4.3 300 0.2 0.05
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GBAR: traps and target chamber

* modified buffer gas trap:

i — g SiC remoderator (capture) + CO, (cooling)
B<0.3 mT 125 ms accumulation (2"9 stage) 125 ms (3rd stage)
I focussing accelerator * high field trap: 5T, accumulation between ELENA pulses (~2
PbWO. electrodes min )
’ .
-‘L'-" o .\ * transfer to positron/positronium conversion target: from 5T
———————— - € to zero field
iy 3x10”7 mbar 10* mbar 107 mbar
target SiC remoderator Linac bunk
diff. pumping B~8..90 mT B~8 mT
(cryopump) D e ¥ BEn
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Potential (V)

Positron capture in the buffer gas trap: SiC remoderator

two Penning-Malmberg traps with ~50 mT magnetic field
idea: use high quality silicon carbide single crystal to trap
positrons in the BGT (SiC positron remoderator)

SiC placed off-axis, e* cloud compressed and centered by
rotating wall

no nitrogen gas, only CO, cooling gas

makes use of the pulsed time structure

higher efficiency

4BGT 2"9 stage
& sic

0 500 1000
Distance (mm)

Stage

Buffer gas trap (BGT)

2" stage
(CO, ~10* mbar)

3'd stage
(CO, ~107 mbar)

L. Liszkay, PPC-12.5 Workshop (online, 2021)
Michishio et al, New J. Phys. 123039(2022)
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Positron line: high field trap

5T Penning-Malmberg trap with 27 electrodes
* « stacking » of e* pulses from BGT (125 ms)

* Plasma compression by rotating wall

* ejection @ 500 eV + acceleration to 4 keV

e maximum ~8x10° positrons trapped so far,
more than 5x108 in 2 minutes (ELENA cycle)

* Production version: ~2.5x108 positron between antiproton pulses
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Positronium target cloud: cavity in the reaction chamber

Nanoporous SiO,
e transport into reaction chamber: from 5 T to near zero field on Si
* electrostatic optics inside the magnetic shielding 39 nm _ :
* positron — ortho-positronium converter: nanoporous silica film window 3 SizN,
* elongated target cavity (2x1.5x20 mm) with thin Si;N, window

Collimator

» at present, ~2.4x107 positrons enter the cavity
e ~7x10°8 ortho-positronium

0 100 200



Antihydrogen detection

R Antiproton/ Fast camera (1 ps)
25mm collimator antihyd r‘ogen E*
+ deflector fremf;:ling B)
A=E=l=C) —
Main detector: multichannel plate (MCP) with fast phosphor and fast
camera (single particle detection)
* Analysis are based mostly on the electrical signal
* Image analysis is difficult but gives complementary information .
detection efficiency: 200
* 50 % (MCP active surface)
* 68 % (part of the Hbar spot on the MCP) w 40
% B00
800
1000
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Detection of the first antihydrogen atoms in 2022

Range qlf interest ¢ BGD: 8468
0.7 e MIX: 6897
e 3.1 standard deviation significance for an excess of signal in mixing e |
runs (evidence for antihydrogen production) S i
2054 |
S .
* approximately 8.9 x 1073 antihydrogen per ELENA pulse : 0.4 1,
5034 ° LI
o L ] J.
* 1.4+0.4x1072 and 3.3+0.9x102 expected from theoretical models 0.2
0.1{%
* the measured signal is compatible with the expected cross section T 5. s e 650 635 650 695 700
Time [us]
e 2022 data was not yet sufficient for cross section measurement
m BGD
. . . . 1 MIX
e 2024: cross section measurement is (data evaluation in progress) Lo
(>30x more antihydrogen/ELENA pulse in 2024)
8 1o
10° H H
P. Adrich et al, Eur. Phys. J. C 83, 1004 (2023) dngone n
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Summary and outlook

positron line with unique features:
* low energy (9 MeV) linac-based source
* SiCremoderator-based positron capture in BGT (in a production setup)
e accelerator-based beam filling high field accumulator trap

positron beam line has been commissioned, up to 8x10° positron trapped
performance is not yet sufficient for antihydrogen ion production
problems with transport to conversion target

Activities until LS3 (Long Shutdown 3, summer 2026)
* improve positron transport between the HFT and the conversion target
* improve efficiency and positron flux

Physics program until LS3
* Lyman-alpha measurement with antihydrogen (CPT test)
* cross section measurements:
e antiproton — positronium (1st reaction of the GBAR scheme)
* hydrogen —positronium (matter equivalent of the 2"d reaction)
using H- pulses from ELENA (laser photodetachment)
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The GBAR collaboration
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