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Primary goal: laser spectroscopy of narrow resonances

Level energy

-100 —

Experiment needs: 5 narrowband laser beams
Very high density, reproducible sample of antiprotonic atoms

Atoms synthesized in low-density gas target (low collisions)

(a)

va_:""

331

/33
MM_)J_

296
H
_)J_ 32

31

-
-

32 33

N

& (eV)
I

Level energy

=100

Empty antiprotons in (n,1)=(33,32)
and (32,31) and create population
asymmetry using UV lasers 1 and 2.
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Excite narrow (natural width
0.1-0.2 MHz) two photon
transition with lasers 3 and 4.

Detect population
asymmetry with laser 5.
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Octupole steer + lens
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Cryogenic helium target

12 m beamline with 8 differentially-pumped
diaphragms to achieve 10'® mb vacuum in
ELENA beamline regardless of 1 mb / 1.7 K
helium gas target.

* In 2024 consolidated beamline, improved
mechanical stability and precision.

* Higher-stability power supplies to reduce
mm-scale fluctuations in beam position.

e 107 antiprotonic helium atoms per hour
stable production in low-density gas target.

Enclosed optical tables

Beam profile monitor 4
Beam profile monitor 3
Mount for decelerator 2

lon pump 2401/s
Beam profile monitor 2

10 kV power supplies
lon pump 800 I/s
Mount for decelerator 1

lon pump 2400 /s

Beam profile monitor 1
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Differentially-
« Yumped antiproton

Laser

beamline

1.7 K superfluid pump

New stairway

Proposed area for X-ray experiment

Deflector

Quadrupole triplet 2

Micrometer-mounted iris

Deflector

Quadrupole triplet 1
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Fixed iris



Simulated and measured beam trajectories 2024
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* New beam-matching optics developed in 2024 by AD-ELENA operations team.

* Increased throughput and antiproton density at focus (sigma=1.4-2.0 mm) by 2-2.5x
compared to 2023. Beam intensity and position now highly stable.

* Beam diameters measured at 4 locations well-agree with theoretical envelope.
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Consolidation of cryogenic target and laser transport
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Laser beam 3

Interlocked non- = =] over 20-30 m to experimental

magnetic optical P ST 3
table R o L target.
: = Interlocked optical beam paths.
- Stable beam pointing.
lnterlocked Laser delivery tubes Laser hut P &
optical table
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Laser system (re)installed 2024

B

- Reinstalled 8 high-precision lasers in 2024

- 'g === | - Final system will span 13 optical tables

HI with 17 lasers for frequency metrology

“ 1L and excitation of antiprotonic atom and
laser transport efforts ongoing.

100 P s e ‘*,§-= _PEFWI’“MW%; i
Laser Hut
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New laser safety system

- Essential due to complexity of laser system and parallel
operation with antihydrogen experiment.

M | - Final system needs 17 lasers. Installed fast-acting

shutters, 12 doors interlocked, emergency shutdown

Il cmerzency

Stop

buttons, ID card access interface, escape doors
- Installed >250 m of cabling in 2024.
- Laser beam paths covered with >150 m of plating.

Shutter

Emergency Stop *
Buttons
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M. Hori / E. Widmann SPSC156 11 Feb 2025 9




Spectra of (n,1)=(35,33)->(34,32) measured in 2024
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Spectra of (n,1)=(35,33)->(34,32) measured in 2024

Laser resonance signal of

antiprotonic helium atom
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» Efficient stopping of antiprotons in P=250 ub, T=4.5K
gas target (1/10x lower density than RFQD precision
experiments)

* Dense sample of antiprotonic helium atoms in low-
density target, production rate 107 atoms/h fully
ready for experiments.

e 10x greater data acquisition rate compared to RFQD
measurements at comparable target densities.

* High SN ratio of laser spectroscopic signal.

* Induction decelerator still being assembled, should
increase the density by additional factor 2-3x

(theoretical maximum).



Antiprotonic helium achievements 2024

* Antiproton intensity at the helium gas target increased by 2-2.5x compared to 2023.
« Stable and routine formation of high-density samples (107 atoms per hour) of
antiprotonic helium in low-density helium target. Atom production part is ready.

* Installed part of the laser system, safety interlocks, beam delivery systems
¢ Final 5 laser spectroscopy experiment will need 17 lasers, efforts ongoing....

e Carried out laser spectroscopy of two transitions UV (n,l)=(35,33)->(34,32) and IR
(n,1)=(37,35)->(38,34) of antiprotonic helium-4.

¢ Unprecedentedly high signal-to-noise ratio even at 1/10x lower density targets compared
to previous high-precision experiments carried out pre-ELENA.

¢ This new capability allows us to expect significant new physics results in 2025-2026

We will continue development work to complete the 5 lasers and new frequency comb
system and attempt to detect narrow two-photon transitions in 2025-2026.
* New London group being set up, funding requested...
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Antihydrogen experiment
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* vg~1 km/s, cavity length 10 cm
* Line width ~10 kHz: precision ~ppm
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Overview
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* Shorter setup used in 2024
* No cavity + sextupole

* Provides larger solid angle
for detecting H

e Alternate beam line for slow
extracted p from MUSASHI

« E~250eV,10%p/cycle
* p annihilation studies

14



Antiprotons

* For a single ELENA shot of 1x107 antiprotons 2.7x10° p were caught and cooled
in MUSASHI

* Transfer efficiency to the Cusp trap for a single shot ~ 80% (2.1x109)
* Five ELENA shots yielded 1x107 cooled pbar

* Transfer efficiency drops when stacking
* poor vacuum expands the cloud

* For mixing cycles 3 ELENA shots were used which gave us approximately
3 million p in the Cusp trap.

Track Detectors
- Drift Tube
O ——— -—@
/]
Degrader Foil
SEM MUSASHI



Positrons - new 50 mCi 22Na source

* DC beam increased from 0.14 x 10°to 2.2 x 10° (factor of 16)

* Trap efficiency good (24%)

* Moderator efficiency still can be improved (0.13%)
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Mixing

* Slow merge method

2
* 3 million p :
e 2 20
130 millione™ :
10
0 . . ‘
-0.35 -0.30 -0.25 -0.20 -0.15
0 seconds 120 240 360 480 600 Z
D D . (e EROCOOOO -l
stack e+ in the accumulator RW RW ion removal RW 1D
transfer to the Cusp in ~80 s intervals AR ONINED INNEEEONINNNE
e-prep cool, compress cool mixing null dump
M antiprotons [\ transfer in [ ] Cusp trap
{ A : @ positrons { transfer out [ MUSASHI
e-prep stack, cool, compress transfer preparation @ electrons O kick-out B o svstem
ions Tp temperature rotéting
detector gate diagnostic wall

* Before beginning mixing experiments 10-15 stacks of positrons were loaded,
between cycles positrons could be recycled so only 3-5 stacks were required.
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Mixing results: observation of beam component

e Annihilation signal: energy deposit in BGO
* No gate: full cycle of 12 min
* Mixing: during 60 s mixing cycle

* Energy deposit on BGO
* Triple coincidence

* BGO + both layers of hodoscope
* Set threshold E;,, > 45 MeV

1 BEE No Gate
1.5m 10° 0 (
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1 B Null Dump
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NuIIdump 0 250 500 750 1000 1250 1500 1750 2000
Egep 0N BGO in MeV
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Double Cusp
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Beam characterisation I =
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* H candidates per mixing cycle * Field ionisation
* Plasma heating leads to reduction of signal * ny,: lowest n state Scintillator Bars
which is being ionised
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Beam characterisation II: does the signal scale
with p number?

* Beam intensity reduction by insertion of SEM grids

#p 1_9X106 3X105 /A HORIZONTAL Profile & VERTICAL Profile
# inverted #
300 1 1
L o 50004
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Counts per run
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FI (arb)
] 1 ] 1
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Double Cusp
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800V > n, =22 Detector
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* First time this has been attempted

* Using the USFI a pulse is applied to chop the
high n beam during a 60 s mixing cycle
* Pulse from 800 V to 0
* Width 500 us
* Rate ~ 200 Hz

*Delay<1msatd=15m:vg <1.5km/s
* Detailed analysis in progress
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Results

* Analysis for the 2024 beamtime results is

complex and still ongoing 4] [ —————————————————— _
* Preliminary findings off o Noruiuon |
* 100 antihydrogen candidates per mixing cycle 2 100 {EH 5
(all INE T
* 10,000 antihydrogen candidate events per 24 h 5 } 515 % {
* First measurement of TOF using chopped beam E ” $ 1
method o 40
* Next steps 2 5
* Tracking H.annlhllatlon in ‘Fhe h.od(.)sco_pe D"*';@"é' ﬁﬁﬁ@@ &5';&{,;@:;@&; ﬁ\)ﬁ
* Full analysis of beam velocity distribution i v N
* Estimate of the ground state contribution Ly (Viem)

* Open: beam polarisation



Plans for 2025

*YETS
* Install full spectroscopy beamline
* Measurements of stray field from Cusp in
Cavity
* Plasma studies

e Goal : maximise the number of H
transmitted through the cavity & sextupole

» Attempt ‘beam scheme’ with antiproton
reservoir to make short timed (100 us)
pulses

e First attempt of H microwave interaction
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S. Jonsell and M. Charlton, Formation of Antihydrogen Beams

from Positron-Antiproton Interactions, New ]. Phys. 21,
073020 (2019).



