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BASE Collaboration

BASE uses single particles in advanced Penning trap systems, to study the fundamental
properties of protons and antiprotons with high precision. 



BASE – Collaboration
• Mainz: Measurement of the magnetic moment 

of the proton, implementation of new
technologies. 

• CERN-AD: Measurement of the magnetic 
moment of the antiproton and 
proton/antiproton q/m ratio

• Hannover/PTB: QLEDS-laser cooling project, new
technologies

C. Smorra et al., EPJ-Special Topics, The BASE Experiment, (2015)

Institutes: RIKEN, MPIK, CERN, University of Mainz, Tokyo University, GSI 
Darmstadt, University of Hannover, PTB Braunschweig, ETH Zuerich

Team at CERN







Q/M Measurements in Precision Penning Traps

Cyclotron Motion
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Determinations of the q/m ratio and g-factor 
reduce to measurements of frequency ratios -> 
in principle very simple experiments –> full 
control, (almost) no theoretical corrections 
required.

S. Ulmer, A. Mooser et al. PRL  107, 103002 (2011)
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Invariance Theorem

Gives undisturbed 
access to cyclotron 
frequencies
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exact for misalignment and 
second order corrections.
Other corrections need to be

calibrated / constrained.



The Sound of the Antiproton Charge/Mass Ratio
• „The real voyage of discovery consists not in seeking new landscapes, but in 

having new eyes (…and using different sensors).” (M. Proust)
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Axially excited, trapped 

antiprotons

• Special Relativity

• Resistive cooling changes 
oscillation frequency
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• Special relativity changes pitch

In charge-to-mass ratio comparisons we are «listening» to the sound of protons and antiprotons



Previous Measurement and Improvements

S. Ulmer et al., Nature 524 196 (2015)

Inspired by work of TRAP collaboration (G. Gabrielse et al., PRL 82, 3199(1999).)

• Tuneable superconducting
detector

• Enables measurements at 
constant trapping
potential

• Improved magnetic field
homogeneity

• Improved magnetic
shielding

Improvements compared to previous run:
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Effect Magnitude

𝑚𝑒/𝑚𝑝 0.001 089 234 042 95 (5) MPIK

−𝐸𝑏/𝑚𝑝 0.000 000 014 493 061 … MPQ

−𝐸𝑎/𝑚𝑝 0.000 000 000 803 81 (2) Lykke

Result of 6500 
proton/antiproton Q/M 
comparisons:

(𝑞/𝑚)ഥp

(𝑞/𝑚)p
+1 = 1 69 × 10−12

Rexp,c = 1.001 089 218 755 (69)



Systematic Studies
• 16 parts in a trillion at 30MHz cyclotron frequency

correspond to an absolute frequency resolution of 
480uHz.  This is an absolute resolution similar to 
resolutions achieved in the best clock experiments. 

• Also corresponds to a required magnetic field
similarity of 31pT to be allowed to solve:
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Applied two different measurement methods

Peak techniqueSideband technique

• BASE magnet homogeneity

• Need to characterize particle amplitudes and 
positions at the  10nm scale of drifts (compare 
identical particles)

• Thermal equilibrium
measurements, largely
insensitive to «trap
systematics», but 
sensitive to lineshape
effects

• High energy
measurements, largely
insensitive to lineshape
effects, but sensitive to 
trap systematics. 

Scatter of 1.6(2) p.p.b. per 
shot

Scatter of 0.85(5) p.p.b. 
per shot

Limited by intrinsic
measurement scatter

Limited by magnet
properties



Dominant Systematic Limitations

• Lineshape Shift • Temperature Shifts

• Scaling of particle frequency with respect to 
frequency center of the detection resonator leads 
to frequency dependent shift of the measured
frequency ratio. 

Temperature difference of the single particle
detectors at the different working points (23ppt/K). 
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Strong suppression in PEAK measurements Continuously measured in PEAK measurements



Systematic Effects and Result

𝑅 ҧ𝑝,H− = 1.001 089 218 757 (16)

𝑅ഥ𝑝,,𝑝 = −1.000 000 000 003 (16)



Interpretation
• Constrain 10 coefficients of the Standard Model 

extension. 

• Differential test of the weak equivalence
principle comparing a matter and an 
antimatter clock

Broad band time base analysis under evaluation

Property Limit

𝛼𝑔 − 1 < 1.8 ∗ 10−7

𝛼𝑔,𝐷 − 1 < 0.03

Non-minimal Standard Model Extension: 



Outlook

• Using phase sensitive methods

20 p.p.t. / 24h , but only possible during accelerator shutdown



The transportable trap BASE-STEP 

Goal: 

• Relocate antiproton measurements into a calm magnetic
environment in a transportable trap system

Gain: 

• Precision measurements with antiprotons on the 10-12 level

Design goals:

• Transportable reservoir trap with up to 100 to 10000 
antiprotons

• Supplies non-destructive single-particle experiments with the
reservoir trap technique

• Compact trap system (2 m x 0.87 m x 1.65 m)

• Transportable superconducting magnet with mechanical
support suitable for transportation.

• Hybrid cooling system: One cryocooler (10 kW power) + 8 h 
LHe buffer

BASE-STEP magnet with 
transport frame



Progress and Status of BASE-STEP
Progress in 2021:

• Antiproton injection simulations and beamline design 
finished 

• Recommendation of BASE-STEP by the SPSC 
committee and approval by the CERN research board

• Improved technical design of the trap system and the 
cryogenic valves

• Cryogenic trap inlay was produced and assembled

• Four image-current detectors were produced and 
characterized

• Experiment zone for BASE-STEP was prepared, thanks 
to CERN 

Goals in 2022:

• Delivery of the superconducting magnet (May 2022)

• Preparation of the experiment zone and antiproton 
injection line

• First cooldown of the transportable trap system

• Online operation with ELENA possible earliest in 
August 2022

BASE-STEP Trap System

Experiment area layout Image-current detectors

GOAL: Get prepared for late 2022 antiproton run



The Antiproton Magnetic Moment

C. Smorra et al., Nature 550, 371 (2017).

A milestone measurement in antimatter physics

CERN COURIER, 3 / 2018.
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Developments for the new experiment

First full 4-trap stack
operated in BASE

• Many components 
developed 2020 and 
2021. 

• New trap system

• New electronics layout

• New axial detectors

• New degarder interface

• New cryoswitch system

• New magnet shim system

• New e-gun

• Upgraded software 
system

• Upgraded zone layout

Although everything else looks promising, problems with antiproton 
catching in 2021 (stray fields, misalignment, diagnostics, etc.).



Systematic Limitations of Previous Experiment
Published error budget

Limited by magnetic bottle strength of 2.7(3) T/m2

New trap layout with increased distance 
between analysis trap and precision trap.

Recent magnetic field measurements:

B1 improved by factor of 3.

B2 improved by factor of 20. 

g-factor target precision of order 100 p.p.t. 
seems to be in reach (so far no show 

stoppers identified). 



Dominant Systematic Trap – Uncertainty

Dominant shift from trap systematics at our
current magnetic field properties:

Need to get rid of this scaling in future runs -> 
local tuning magnets need to be implemented. D
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System running successfully in persistent 
mode. 

Able to tune the B2 coefficient to 0 
within uncertainties of 0.00006mT/m2

Reduces the dominant systematic
uncertainty of Q/M ratio measurements
by a factor of 90.

Yet open: B1 coil not operational as expected, current limited to 300mA, 1A needed



Explicit Error Budget

uncertainty eliminated by 
B2 coil to limits < 0.2p.p.t.uncertainty reduced by 

phase sensitive detection.
better trap required



Current Status
• RT detector SNR limited

• Very successful commissioning of 
precision trap.

• Transport through trapstack
established. 

• Detected single particles in all four traps

• Further commissioning in progress. 

Small traps look in principle promising, but currently some frequency stability
issues that have yet to be understood



Studies of Antiproton Transmission Through Mylar

Ideal foil for next run determined. 
On trap operation will be tested during the shutdown. 

2022 thickness range

Design can be easily modified, we
just didn’t have enough time in 
the 2021 run. 

Good news: trapping time 
indicates vacuum < 5*10-17 mbar

Did transmission measurements through different Mylar foils, to define ideal degrader geometry for the next run. 
Unfortunately no antiprotons caught in 2021 (misalignment / obstacles / lack of time for upgrades)  
Current understanding:
Likely chosen a slightly too conservative design for the antiproton injection.



Upgraded Beamline Diagnostics / Under Development

Injection solenoid
(not just a solenoid)

Faraday cup / aperture assemblies

Piezo adjustable 
Semi transparent 
on degrader monitor

Detection
interface

Detection 
interface

New vacuum interface

Addition:
- Professional realignment of 

experiment (triggered)
- Stray field measurement campaign 

(talk to CERN experts)
- Detailed trajectory simulations
- More scintillators
- HV switch upgrade
- Optics
- More (working) scintillators

Remote GV control



Recent Achievements – Sympathetic Cooling
• Magnetic moment measurements are limited by particle temperature and would be

considerably accelerated by inventing a method beyond resistive cooling

One of the particle types: Laser cooled species
Transfer particle temperatures from one trap to the 
other. 

First proof of principle demonstration successful!!!

Demonstrated proton temperature reduction by 
about a factor of 8. (17.8(3.6)K -> 2.8(2.5)K)

New trap geometries under development for more 
efficient cooling.

Bohman et al., Nature 596, 514 (2021)
Will et al., arXiv 2112.04818 (2021)

Simulations: Optimized procedures will enable 20 mK
temperatures in 10 s.   

Nice playground, a lot of work ahead

ζ+ =
𝑞2𝑛+

2𝑚 ҧ𝑝ℏ𝜔+
𝑆𝐸 𝜔+



https://journals.aps.org/prl/accepted/15071Y2
dJe514a63281b1498fe4274156d3788acc



Detector Development
• With a purpose-built experiment we should

be able to improve sensitivity considerably
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Will improve bandwidth of previous experiment by more than a factor of 1000. 

Devlin et al., BASE, Phys. Rev. Lett. 126, 041301 

• Planned setup of new experiment BASE CDM

First superconducting detector with such a high 
tuning range at such a high sensitivity

• Uses entire magnet volume. Sample
whenever no pbars available. 



Summary
• Very productive year for BASE

• 16 ppt measurement of the antiproton-to-proton charge-to-mass ratio.

• Demonstration of sympathetic cooling of a single trapped proton.

• Rapid progress on developments of BASE-STEP and BASE-CDM.

• Much improved experiment online with considerably improved trapping system that will enable
magnetic moment measurements at the 100 p.p.t. level.  

• Problems
• Pbar trapping in the 2021 antiproton run was unsuccessful -> refined beamline, more beam monitors, 

injection coil, modified degrader setup. 

• B1 coil of the new tuning system requires an upgrade. 

• Optimization of small traps seems unusually difficult (work in progress). 

• Other
• Thanks very much to the AD-operators team, for excellent work with ELENA, strong support with any

kind of problems, and pro-active approaches !

• Congrats to ALPHA demonstrating laser-cooling of trapped antihydrogen! 



Thanks for your attention



Support needed by CERN for BASE-STEP

• Office space for three team members of BASE-STEP working at CERN in Bat. 
545. 

• The antiproton injection beamline of BASE-STEP needs an ELENA ZQNA 
quadrupole unit. We discussed with W. Bartmann and it is possible to 
borrow in principle the deflector unit, but intellectual property rights need 
to be clarified. 


