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The antiprotonic atom

Typical atom:

~10 000 fm

. m
Bohr radius o« —=
my

Antiprotonic atom:

1/2000 } <50 fm

Sensitive system for benchmarking both QED and QCD.




lypical syntnesis of antiprotonic
atoms

Capture of the antiproton
in a high-n Rydberg
state.
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The life of an antiprotonic atom

Capture of the antiproton
in a high-n Rydberg
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Cascade emitting x-
rays and Auger

electrons.
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X-ray transitions

n=4

In target spectroscopy limited to n<43 due to stark mixing.




The life of an antiprotonic atom

Capture of the antiproton
in a high-n Rydberg

state.  _
o @

Cascade emitting x-
rays and Auger

electrons.

o
®

Antiproton approaching stripped
nucleus, strong interaction
influences orbitals.

X-ray linebroadening caused
by annihilation with nuclear

peritery.
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Gustafsson, Fredrik P., Daniel Pecak, and Tomasz
Sowinski. Physical Review C 109.6 (2024): 064320.



The life of an antiprotonic atom

Antiproton-induced nuclear fragmentation on
;- lodine:

Capture of the antiproton
in a high-n Rydberg
state. 521
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influences orbitals.
g Annihilation on nucleus results
X-ray linebroadening caused in the formation of Highly
by annihilation with nuclear (2 Charged (radioactive) lons (HCls)
perifery. ‘%
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vviial albuUuul U IC Coulll
fragments?

Antiproton

annihilation on
127]
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« Novel synthesis of Radioactive HCIs!

- Fragmentation ratios Rr,, = Y(N — 1)/Y(Z — 1) give
insight into the nuclear periphery.

« Benchmark for annihilation mechanism.
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R,, =Y(N-1)/Y(Z - 1)

126l

Can we capture these fragments?

1191 1201 1211 1221 1231 1241 125l

GEANT4/FLUKA simulations of recoil

energy of fragments from annihilation on
127|
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Gravity, Interferometry and spectroscopy

w The Antimatter Experiment:
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»Record antlprotoncatchlng eﬂmency >80% of ELENA '

»Research focus: Gravitational influence on anti-nydrogen, positronium
physics and recently antiprotonic atoms.

Can we capture and study the annihilation fragments using AEgIS?



Capturing positive ions formed from antiproton annihilations
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TOF spectrum vs
scintillator signal

» Observation of a TOF signal vs antiproton
annihilation events on nitrogen.

» Signal observed for low energy antiprotor
<1 keV.

—— Fit: y = 3.09e-07#x+1.36e-02

MCP peak signal (Log(au))
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Identification of trapped ions formed from antlproton
annihilation —
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Argon campaign

. Measurement of antiproton energy loss
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Ongoing developments at

lodine anion source to be installed
‘ |

- Refining nested-trap ion TOF procedure
(improving TOF resolution)

- MR-TOF

- Cooling of HCls (positrons, laser cooled

ions)

- RF mass spectroscopy

Slow extraction for
antiprotonic atom x-ray spectroscopy,
detector testing etc. 13




Outlook: Towards the laser triggered
synthesis

Nested trap is created.

(3)

(1) Cotrapping of anions and
antiprotons cooled using electrons.

(2) Mixing anions with antiprotons.




Summary and outlook:

New program at AEgIS focusing on the controlled synthesis and study of
antiprotonic atoms and novel formation of HCls:

X-ray spectroscopy on

Antiprotonic atom target Laser/microwave spectrosco
spectroscopy - Resonance effects PEETOSE®Y (QED/QCD/BSM)
) > Exotic bound states
Dark matter search
Laser triggered
synthesis of
antiprotonic atoms
TOF spectroscopy of Mass Nuclear structure
captured HCI fragments spectroscopy -S_Lﬂjﬁmglanon process
: Nuclear periphery

Mass spectroscopy
Decay spectroscopy of HCls

Multi-step antiproton Laser spectroscopy of H-like

Novel synthesis of Cooling of HCls
radioactive HCls

annihilation .
(Formation of highly ons
exotic HCls) See talk by Michael

Doser, 16:55 on

Thursday




Thank you for your attention

On behalf of the AEGIS collaboration
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Outlook: Controlled synthesis of antiprotonic atoms
using charge-exchange with Rydberg atoms

Charge-exchange with Rydberg atom

Charge exchange reaction:
_ — _ _ Rydberg atom antiproton
Ps*+p—->H +e /e \

p
positronium antiproton

+ @

g < n* ~
antiprotonic atom
antihydrogen (A7)

+ electron
e e~

® 4+ o




Experiements at the Antimatter factory

iprotons @ 0.1 MeV
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Trap Beam Pulsed production Trap Trap Movable trap
Antihydrogen trapping Antiprotonic atoms of antihydrogen Mass spectroscopy Gravity for antiprotons
Spectroscopy Collisions Gravity P magnetic moment Lamb-shift Study of exotic nuclei

Gravity Antihydrogen Positronium
Spectroscopy Antiprotonic atoms+HCls
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Recoil Energy of Electron (eV)

Collissional ionization with antiprotons?

Recoil Energy of Electron vs. Kinetic Energy of Antiproton

3000 eV is required to form N’* from the N, molecule

30

25

20~

15 ~

10 -

~@*

10 KeV

T
4 6 s} 10
Kinetic Energy of Antiproton {(keV)

Cross Section (10718 cm?)

1_03 4

1_02 4

101 i

& N2+ s = .
—— N+ (N2++)

= N+

10"

Current status of antiproton impact
ionization of atoms and molecules:
theoretical and experimental perspectives
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raditional HCI| formation at radioactive beam facilities:

, _ _ Electron beam ionization:
High energy beam through stripper foil:

spectrometer
(X-ray, UV, EUV, visible light)
400 MeV/u @ 400 MeV/u radial electron
UNILAC - — —— space charge
= FRS magnet coils potential
. w — ff | 7 e - s
SIS a
> cathode e — s EE—
| . o
0.3 meV electron — electron
4 Kelvin 6 keV/u 4 MeV/u beam B collector

\ J .Cooler .] \Linear J
Experiments = Penning Trap Decelerator a u:@ potential

Fig. 2: Principle of operation of an EBIS

Zschornacka, G., M. Schmidt, and A. Thorn. "Electron beam ion
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The life of an antiprotonic atom

Gotta, Detlev. "Light antiprotonic atoms." Physics with Ultra Slow

tark_mixing g COpture Antiproton Beams 793 (2005): 169-182.
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7| * Quenching of antiprotonic Rydberg states in material prevent
studies of medium to heavy antiprotonic nuclei

Lower pressure needed to reduce quenching of Rydberg states
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The life of an antiprotonic atom

Capture of the antiproton
in a high-n Rydberg
state.
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Cascade emitting x-
rays and Auger

electrons.
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Bacher, R., et al. "Degree of ionization in antiprotonic noble
gases." Physical Review A 38.9 (1988): 4395.
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SC56 readout
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run number 427090

counts/sum

0.20 1+

|

sum: 0.953159337142622
last peak sum: 200

HCI _GridG1: 1000.0
“Hot Storage Time: 300.0
2sum counts: 163237.66666666718

RWfreq: 1.0 &

background mean: 43.1666666666
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HCl _GridG1: 1000.0
-Hot Storage Time: 1300.0

sum counts: 163507.80000000048
Rwfreq: 1.0,
:background mean: 38.6
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counts/sum
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countsfsum
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second last peak: 4550.4
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Cyclotron Radius (mm)

Cyclotron Radius vs Temperature for Antiprotons and lodine Anions
Kinetic Energy (eV)
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Antiprotonic atoms: setup of the ion injection beamline

Goal of the R&D: establish the =B N
techniques to form antiprotonic tube |

bound states.
_ Ol
\Fmslw‘:omr

P

45° deflector
electrode

Shielding

lodine reservoir




Simulation — Geant4 set up

* Antiproton is created inside
a hollow sphere of 500 nm
thickness of target material

* Target defined according to
data from a config file (N,Z,
density)

e Simulation ran for different
isotopes (over 3000 isotopes)

* 1M antiprotons with E=1 keV

* Physics List:
* FTFP_BERT_HP




