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Towards Sympathetic Cooling of Single Protons and Antiprotons
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Motivation Penning Trap 1" Image Current Detection
47 Penning trap <o+
Precise comparisons of the fundamental properties of protons and an- A homogeneous magnetic field and gc O—! The axial motion of the trapped (anti)pro-
tiprotons, such as magnetic moments and charge-to-mass ratios, provi- an electric quadrupole field confine a . O—Llel] ton is detected by monitoring the image superconducting g\
de stringent tests of CPT invariance, and thus, matter-antimatter sym- charged particle in the center of the * : current induced in an electrode. = H
try. trap. :
ety rap Currents (~fA) are transformed into mea- cryogenic amplifier
Using advanced Penning-trap methods, we have recently determined B =Be, FE =U,c(pe,—2z€,) sureable voltages by a superconducting re-

FFT analyzer

the magnetic moments of the proton and the antiproton with a relative

precision of 0.3 p.p.b. and 1.5 p.p.b., respectively [1, 2]. The particle motion is a superposition

sonant circuit with high Q and the voltage
is amplified by a cryogenic amplifier. WWMWWWWWMW

of three oscillations, the frequencies g1 e
Both experiments rely on sub-thermal cooling of the particle’s modi- of which are related to the free cyclo- At the frequency v_the the particles shorts | 2 s 7
fied cyclotron mode using feedback-cooled tuned circuits. We aim to tron frequency v_by the invariance the thermal noise of the resonator. J\‘
(r:f)lz)llail;e t;its htllri;(zzg(s)lll:;lsfrpﬁ?cess' (several hours) by sympathetic theorem [3] Sideband coupling allows to measure the BT
5 FHRITTLIONS. VEEVIEV S frequencies of the radial motion.
The Double Penning-trap Method for Measurements of the Proton Magnetic Moment Spin State Detection .
Excitation of proton spin transitions in the very homogeneous magnetic The spin-flip probability is obtained from a measurement of the spin state Based on the Continuous Stern-Gerlach effect g
field of the precision trap (PT) and subsequent analysis of the spin state in ~ before and after the excitation. Therefore, high fidelity detection of the [5]: A magnetic bottle B = B,z is superimpo- I3
the strong magnetic bottle of the analysis trap (AT): spin state in the analysis trap is required [4]. sed to the axial magnetic field which leads to ;
e Y v 00 | | a harmonic z-dependent energy difterence for axial position z
. ' The challenge: cyclotron = . - the two spin states.
AT read final spin state P T quantum jumps lead to axial 9; 80l =n=40mHz Y\regtwe o 030 N l spin flip
% frequency fluctuations. § L == Vs \ | = A spin transition shifts the axial frequency by
. . L . " < O Laser cooling 1020 % 233 mHz out of 550 kHz and allows the deter-
Application of a drive at the excitation frequency v_ and simultaneous Transition rate: 2 ol | 2 mination of the spin state. 0 i
measurement of the cyclotron frequency v_in the precision trap yields the ~ ony 27 A p(EL T2 g | Jaa (E: | %’_
ratio v_/v_and probes the g-factor resonance (the spin-flip probability as a 5t p o tP\EHI iy £ 201 i = The small magnetic moment of the proton £l pw.
function of the ratio v_/v ). 5 o e , , , 40.00 make§ this measurfzment 5/, = e ;
. o . Fsr=gq EO\/ e - o 1 e especially challenging: ~ 10% =©
The g-factor is reconstructed utilizing the relation g/2 = pu/p = v, /v.. Mpw4 2 SLEm I (%015, Ly /My, —
A New Apparatus The Cooling Trap
532 nm pulsed laser:
Our trapcan is located in a magnetic field of 1.9 T, surrounded by isola- laser ablation of Be. Its purpose is to sympathetically cool single protons and antiprotons

tion vacuum, and cooled to a temperature of 4 K: by coupling them to laser-cooled beryllium ions [6,7].

Resonantly coupling laser-cooled ions to single (anti)protons across
a common endcap electrode provides a novel cooling mechanism for
particles without suitable transitions for laser cooling.

The trap consists of two identical 5-pole Penning traps, connected by a

common endcap: .
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. / e, S p— to the Doppler-limit X » i‘“‘ ;4 -~
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- 5 . Y ral mK, and interacts _ & - ¥,
= - s with a single proton \ 1

Analysis Trap (AT): — s ;Hn lisgrl . (grey) via the image
detection of the Precision Trap (PT): cooling o1 be - 101S. charge induced on the .
proton spin state. precise measurement Cooling Trap (CT): < 10% mb common endcap elec-

of Larmor and cyclo- cooling of the protons Vactm: bat trode. 1

tron frequency. motional modes. comparable fo the pressure = 1w.d2C VM Be

in interstellar space 20 T 2 VN

Fluorescence Detection Recent Results; Laser Cooled Be* Ions Recorded °Be” 1/2 > 3/2 transition:
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Cooling Transitions
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Silicon photomultipliers (SiPMs) are
used as single photon sensitive de-
tectors for fluorescence photons.

A cloud of Be* ions is prepared in the cooling trap (CT).
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The axial mode is coupled to the radial magnetron mode using a drive
at the sum frequency and a double dip is observed at the detector. IBe*:

0

fluorescence counts (1/s

m, = 3/2 957.423500 957.423550 957.423600 957.423650 957.423700

They are located inside the trapcan
laser frequency (THz)
2P3); — my;=1/2

at a distance of 12 mm from the Be*
ion cloud and operated at a tempe-
rature of 4 K.

Scanning the laser frequency across the resonance, cooling can be ob-
served simultaneously on the fluorescence signal and the image cur-
rent detector.

—  m,=-1/2 -1/2 > -3/2 transition:
—— my=-3/2
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Be* ions are no

longer in thermal

Narrow slits in the electrode allow
fluorescence photons to reach the
detectors.
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At 4 K a dark count rate smaller

than 10 per second is observed. equilibrium with T e ] < - 0 Porprem TS [t
the detector. BT ke requency (TH) P etoctor togquency () =1z P e ey (Tt

References Funding

1] Schneider, G. et al., Science 358, 1081 (2017) 5] Dehmelt, H., Proc. Natl. Acad. Sci. USA 83, 2291 (1986) Supported by the Helmholtz-Gemeinschaft, the RIKEN Chief Scien-

2] Smorra, C. et al., Nature 550, 371 (2017) 6] Heizen, D. J. & Wineland, D. J., Phys. Rev. A 42, 2977 (1990) tist Program, the RIKEN Pioneering Project Funding, the RIKEN FPR

3] Brown, L.S. & Gabrielse, G., Phys. Rev. A 25, 2423 (1982) 7] Bohman, M. et al., ]. Mod. Opt. 65, 568 (2017) Funding, the RIKEN JRA Program, the Max Planck Society, and the

4] Mooser, A. et al., Phys. Rev. Lett. 110, 140405 (2013) EU (Marie Sklodowska-Curie grant

agreement No 721559).




