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




2§ BASE — Collaboration

 BASE-Mainz: Measurement of the magnetic
moment of the proton, implementation of new
technologies. % a
)
 BASE-CERN: Measurement of the magnetic
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General: Use ultra-high precision methods to
measure fundamental constants and study
fundamental symmetries with highest fractional

Main tools: advanced Penning trap systems

pbar moment, proton moment,
pbar lifetime, proton mass
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C.Smorra et al., Nature 550, 371 (2017)

Current effort: Improve the precision in the antiproton magnetic moment
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BASE Tracking Record and Current Efforts
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J. A. Devlin, et al., PRL, accepted (2021)
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M. A. Bohman, et al., Natur¢ 596, 514 (2021)

S. Ulmer, et al., Nature, accepted (2021)



Cyclotron Motion

ﬁz Measurements in Precision Penning Traps

Larmor Precession

g: mag. Moment in units of

nuclear magneton
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S. Ulmer, A. Mooser et al. PRL 107, 103002 (2011)
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A. Mooser, S. Ulmer, et al. PRL 106, 253001 (2011)

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

High Precision Mass Spectrometry

High Precision Magnetic Moment

Measurements



Spin-Quantum-Transition Spectroscopy

Measurement based on continuous Stern Gerlach effect.

Energy of magnetic dipole in by = —(1y - 1‘3’)
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Spin is detected and analyzed via

an axial frequency measurement
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S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)/

Single Penning trap method is limited to the p.p.m. level \




The Mu

Werth also highly

Invented by H
Haeffner, in
group of G.

relevant in

electron mass
measurements
and tests of BS
QED (Blaum /
Sturm et al.)
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Ultra-low heating rates
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measures spin flip probability as a function of the drive frequency in the homogeneous magnetic field of the precision trap




Reservoir Status — 2024-01
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It is absolutely necessary to
operate BASE during
shutdown, since accelerator
is «too loud» to reach
precisions at the p.p.t. level.

BASE-STEP (ERC Smorra)

We are explicitly requesting 4 months per year of «calm» magnetic field conditions in the facility (no accelerator operation).



BASE Annual Summary 2023

Experiment Online throughout entire year 2023
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Goal of the Current Run

* Improved measurement of the antiproton magnetic moment with a target precision of
at least 100 ppt Mainz effort started

BASE approved
. , ——

= -

* BASE has measured the antiproton magnetic
0 - - ety moment with a fractional accuracy of 1.5 p.p.b.
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Understanding the Limits

* Measurement improved previous

experiments by a factor of >3000, but: 0.5

* The width of this resonance is deliberately _ 04
saturated to counteract accelerator =03
imposed frequency flutuations o

* The resonance is incoherent with a 0.2
maximum spin inversion of 50%. Reason: '
Particle detector interaction in 0.1
inhomogeneous magnetic field leads to '
thermal phase noise with correlation time 0.0 T ¢ e =
constant of 30ms and line width parameter ~ —40 -20 0 20 40

of 600mHz

. Hiﬁh spin state detection fidelity onl
achieved bg sub-thermal coolingto E, <
8.6 neV (100 mK), which required >10h

* Limits due to magnetic field fluctuation in
the accelerator hall.

(9p=9p)/9p (PPD)

A
v

* Limits due to heating rates at the level of 1 2.5 Hz
cyclotron quantum transition in 10 ) R
minutes. ) 8.2 Hz ]

Still proud of this measurement, but also clear that there is headroom




Towards an Improved Measurement

* Magnetic field fluctuations: 15ppb width

* Magnetic field homogeneity: 0.980 ppb unc.

* Measurement stability: 6ppb unc.

* Limited data accumulation rate

* Noise sensitivity of the spin-state detection trap
* Transport heating rates

Goal: Develop a running 4-Penning-trap
system which includes all these features.

* Systematic Limitations: * Reaction:

Better magnetic shielding: factor 50 to 250
Multi-coil shimming system: eliminates
Improved frequency measurement methods
Cooling trap for faster prep. cycles

Improved cryogenic filter systems

Improved particle shuttling techniques

HEm Hey
V¥ 7 he




""i 5 Dominant Systematic Trap — Uncertainty
* Cold particle is prepared by selective resistive cooling in the PT = é : ) y
.. § 307 v 3 . .L ! I 3 E z Dominant shift from trap systematics at our
| 520 gy 0 S g S B current magnetic field properties:
viel fl g e Jes. | IR > €32
T o 1 -u:-\“#‘:ﬁ-.'. AETESE _I L 3 T2 Av ) 1 B
» o o) P P 0 190 < T = .i. L._\v—. LA\' B it s e T _’Xi:lﬂm
a) ||°  homberormesswement == 2 L= g Ve Vi T T A mevi By Ot SR £
’ e £
5 S & 2 Need to get rid of this scaling in future runs ->
9 = g g
» w > . -
g SUHE g 3 local tuning magnets need to be implemented.
' - o
8) |  mod cyclotron energy £ 1K) (4 I_ (g‘ 800,
x —h— 8 System running successfully in persistent ol N
= particles with single spin 1 = mode. { N
Analyze temperature u; — 400| .
the magnetic battle g {'e'ﬁre:filu:::;r:e: this Al & = Able to tune the B2 coefficient to 0 T ~
a4 5 =5 | 11 within uncertainties of 0.00006T/m? B ™
0) -
Reduces the dominant systematic % A N
article below threshold 5 uncertainty of the previous magnetic x g
2 > MEASURE particle above threshold ‘ ggg&g%g&ﬂ?‘;’%‘fe‘we"w measurement heats the moment measurement by more than a 400 b 1
factor of 10000. -600 "'-?4
— = s ~300 -200 -100 0 100 200 300
|» sub-thermal cwlms is EXTREMELY time ST Yet open: B1 coil not operational as expected, current limited to 300mA, 1A needed Current (mA)
Thermalization Time Optimization
= Use correlation estimates to determine i i -
optimum particle / detector coupling time. 3" ‘ E; Fi
+ Measure frequency scatter as a function of i ] 1 i / 5.:;;...:1;;:|;..5
particle / detector interaction time 3 =, . - '5|
i TN 31 e e Parameter Value 2023 Value 2017
. W ¢ % 7
1 . . B; (T/m) 0.0108(3) T/m 0.0712(4) T/m
Status 2018 run with 600s cooling in the PT
at a eyclotron temperature of 12.7(5)K Spac AVG Bis 16z
= TP from AT 183 535 2 2 2
5 g . B, (T/m*) 0.0015(21) T/m 2.7(3) T/m
% TP T AT Ths bs
5 | L single Cycle B0 s
g 02 I:—l-'l — Improvement Factor: 26 (* 3 times T reduction)
5 )
|11 status 2022 with cooling for 55 in the o7~ + Three-fold temperature reduction gives additional factor of
0.4} 11\ ndl & cvclotron temparature of 4.2(2) K three in time reduction for particle preparation at given
threshaold.
0 5 10 15 20 25 30 . ! S
i h + Explicitly demenstrated: robust 200mK particle preparation in
me (h) 8 minutes compared to previously 15h.

Cooling: Factor of 100 achieved!!! Homogeneity: Factor of >1000 achieved!!!



Heating Rates and Improved MCP limits
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...with highest detection
fidelity ever reported...:

...observation

of Single Spin
Flips....
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total game changer In magnetlc moment experlments, error-rate Improved by d

factor of >5000.
* no threshold detection required.
* Saves considerable amount of particle identification time.

This is several 1000 times harder than observing the same for the
electron/positron




Experiment Sequence

* This experiment is only possible with a particle at a radial temperature <200mK, which needs to be
prepared with a cooling device at cryogenic temperatures. This cooling is eating up a considerable amount

of the experiment time budget (previously 15h per preparation cycle).
Limited detection fidelity due to energy

r Spin Spin Analysis trap fluctuations in the radial modes.
analysis analysis
s 2 80s to keep particle at low radial
% E { Transport temperature - Optimization
y N Temperature fluctuations during spin flip
\ - drive.
Precision trap
v, v,
6o [ | i . . .
E E Transport Magnetic field fluctuations an<.:J drnfts during
S8 . the frequency measurements in this
© sequence.
Park trap
1 | }

I - |
890 s
* Managed to apply this sequence for about 80 cycles until new particle had to be prepared.




First Coherent Spin Transisition Spectroscopy

Shuttle PTATHVPT e —

6 min

* Has never been demonstrated in a Penning trap.

Initialize Spin State a4l Measure B fiel (PT) s Shuttle ATPTPTHV 2 PT Spinflip

X*3 min_|

each point contains 20
r\ } protocol cycles
/‘ \! ’ / »\ \
M\ 7 X \ v‘/ \
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15 min total




Frequency Sweep at Maximum |nversion

Pse((gexp—90)/go+9)

1.0

O O
o Qo
1

O
~

L FWHM 2016: 2.9 Hz (35 ppb)
" FWHM 2023: 0.130 Hz (1.7 ppb)

[ Inversion 2016: 0.5 Hz
= Inversion 2023: 0.7 Hz

Factor of 22

Factor of 1.4

] » Status:

* The line-witdhs of our current
measurements are the same

. level as the uncertainty of the

- line-center determination of

' the measurements conducted

in 2016.

. e Currently, the data rate is
' about 10 times higher than in

.:
M
1

O
=)

!

e

2016, one of the current

- resonances is sampled in 48h,
' compared to 3 months of
resonance sampling in 2016.

A lot of systematic studies needed

~4.x107% =2.x10°® 0

(Gexp—90)/go+0

2. x10°% 4.x107®

to get the position of the line-
center under control.



- Proton Magnetic Moment Measurement

Measurement carried out May to July with systematics in July/August, lucky that we made it thanks to late
start of the AD

10
fit: omega=1.239+-0.13ppb, fit: shift=0.55+-0.076ppb
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Systematic Frequency Shifts

Question: How well does the invariance theorem meet our assumptions, and how large are the deviations?

* misalignment of B-axis and E-axis cancels out
Ve = V_|2_ + VZZ + v2 * Elliptic disturbances in trapping potential
cancel out.

tilted trap ——

Image Charge Shift -43.6 1.2 Unc. from Schuh-estimate
Relativistic Shift -42.5 24 Assumed: T=10.0(4)K
f Magnetic Bottle Shift <10 <10
d r I ts B (t) p Ote n t I a I Magnetic Gradient shift -18.7 i Measured Continuously
Trap Angle Shift 0.23 0.10 Measured 27th of June
FET Shift -261.08 0.52 Measured 8th of June
C4 Shift <10 <10
C6 Shift <1 <1
Transport Drift Shift -327.2 78.6 Campaign, Value prelimin., interpretation of drift for different 81 needed.
Bz a n d B 1 Axial resonator shift <30 <30 Under Evaluation
C O n t a m I n a n t S Particle Identicality (AT/PT) 18 43 In Progress (do not correct) / Data Set 16th of June (more available)
Spin Flip Drive Power Shift <10 <10
Sideband Shift <10 <10
Bloch Siegert Shift Under Evaluation
Incoherent broadening. Under evaluation
Temperature Stability Shifts Under evaluation
S h Ift I n Bl re | atIVI St I C Thermal relaxation shift Under evaluation
Accelerator Shift Data acquired during accelerator up-time not considered.

shifts
image charge

/ current Currently, these systematic studies
are still ongoing.

L.S. Brown and G. Gabrielse, Rev. Mod. Phys.



[2ISd BASE-STEP Review 2023

Review of Scientific L AR e March Delivery of the superconducting magnet
Instruments
ooz APFl Installation work and commissioning of the magnet in the BASE-
STEP zone

BASE-STEP: A transportable antiproton reservoir for
fundamental interaction studies

moai ) Devln ey ae dmeEy L s sar s e g, IV1QY — JUly: Magnet characterization measurements,
G. Umbrazunas, M. Wiesinger, C. Will, E. Wursten, H. Yildiz, K. Blaum, Y. Matsuda, A. Mooser et al. . . .
including boil-off tests for the transport of the magnet

S August-October  Installation and cryogenic test of the trap system

LHe tank

November Additional boil-off measurements to improve the
transport time

Trap biasing filters

Differential pumping section

e seeros In parallel: Work on the beamline installation/vacuum/bake out
Work on the BASE beam monitor (wire grid detector)
Development of the transport routine (safety studies)
Transport tests (concrete block with shock clock,
craning with vibration sensors)

Antiprotons from ELENA

Available Online: pubs.aip.org/aipirsi




Magnetic field characterization

(a) (b) =
001040 ~ ® « 40 hours, full data ]
- g 1.5x10
k5 0.008; % : « 30 hours, drift removed {:
—_ - - E ]
| 0.006- O 1.x107- 1
T = ! |
o)}
— o 2 |
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= [y -0 L = 4
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5 0.002- *g j * o
= \ o | = |
0.000L -t L 40 © O o
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The coil system of the magnet works as desired!

In addition: Shielding factor of the magnet was measured with a Hall probe:
About 1/100 suppression of AD ramps near the magnet center due to the carbon steel vacuum chamber.




Transport time test with helium boil-off

Boil off with 2W heating power

7.0
e Magnet Data Max. Temp: 6.545 K
< 6.5 =
Y
= 6.0+
©
© 5.5 i 40 W
Q_ p— _Lli '
% 5.0
- 4K Cu plate
4.5 - ‘
0 50 100 150 200
Time [min]

Magnet

Increase the helium boil-off rate using a resistor on the liquid helium tank
Use the heat exchange line as exhaust to cool the heat shields/cryo cooler interface with the cold gas
The limit should be in the range of 4h to 6h, limited by the volume of the helium tank.




Development of the transport procedure

|

[~

‘.Wlﬁi{,,n" o3 .‘

Cleared: Structural safety study for
craning and driving

In progress: Structural safety study for
towing on the truck

Cleared: Permission for chemical
transport (helium gas/liquid helium)

Cleared: Radioprotection clearance for
transport inside CERN

Open: RP clearance / legislation for
transport on public roads



Plans for 2024

* Before start of the antiproton run

Finish this resonance including all systematics. Data sampling in January, systematic studies in February.

Afterwards — coherent methods with antiprotons.

Ramsey? Would look promising, because we should get for short pi/2 pulses at high power much more robust results and full inversion.
Combine then Ramsey with Phase methods.

STEP - GOAL: Trapped protons in April 2024, inlet vacuum 107-9 or better

e During beamtime:

Servoed shielding.

First thing is to further optimize the AT. Operate the AT in 7-pole mode and do endcap based potential compensation, | hope for much
higher SNR here. If this will work out, do a spin flip campaign for higher radial temperatures, to work towards a double trap
measurement of the g-factor.

Particle shimming of the superconducting magnet, try to compensate the B1 gradient and to increase the gradient.

Invest additional time into the CT. We were unsuccessfully on this project in May 2022 and stopped after about 4 weeks and went for
the current CT scheme, still there is a lot of potential for improvement, if we bring the axial detection signal alive. This would allow us to
cool cyclotron in a kind of magnetron cooling scheme and would provide CPS cold spinflip particles in a minute. Based on that we can to
real double trap schemes, which would make our g-factor systematics much better.

try to do adiabatic rapid passage and combine this optionally with cyclotron measurements to constrain the antiproton EDM.

After this measurement we should prepare for beam-taking and perform injection studies. Study systematically the robustness of
catching. Load then a composite cloud of H- and pbars, then we will see...

STEP - GOAL: Transport trapped antiprotons!!!

e After beamtime

Then: H- experiments and improved pbar experiments, together with another improved measurement of the proton moment. His all
will likely cover another year, but let’s see....no need to decide today.



-ﬁ Summary and next steps

* Excellent progress towards a measurement of the proton/antiproton magnetic moment, with a
considerably improved apparatus, which is fully operational.

* All experimental upgrades successful, implemented an instrument with «world record magnetic moment
resolution», with excellent frequency stability, and compensated systematics.

* |ssues with antiproton catching, to be resolved during YETS and in the next run.

* Next steps:

Further investigate PT spin flipping.

Investigate residual systematics.
Measure the proton magnetic moment at improved fractional accuracy.

Measure the antiproton magnetic moment at imporved fractional accuracy.




Thanks for your attention




Cryogenic operation of the trap system

* Thermal construction: as expected
* 3.9 Kin dry mode without trap system
* 3.9K—-4.3Kin liguid mode without trap system (thermoacustic oscillations)
* 4.8 Kin dry mode with trap system
4.4 Kin liquid mode

e Detection systems: 3 of 4 functional
* 1 detection wire needs repair
e Qvalues of 2 axial detectors need to be improved

* Field emission point was misaligned
e Cryogenic tests of a new electron gun are ongoing




Plans for BASE-STEP 2024

1) Be ready for the next cooldown when the AD crane comes back into
operation

2) Cold head tests in the e-lab to test the e-gun with magnetic field (observe
current on the target electrode)

3) Refurbish the detection systems (Figure out what the limitation is, make
new coils/amplifiers, improve trap wiring

4) Improve the inlet chamber vacuum, target: 10*-10 mbar
Last year: 10*-8 mbar, 107-7 mbar cryogenic without pump

Bakeout, proper cleaning, analysis of the outgassing rates of the
surfaces in the inlet chamber, activate getter pump

GOAL: Trapped protons in April 2024, inlet vacuum 107-9 or better




Plans for BASE-STEP 2024

Plans until beam stop (Nov. 2024)

Measurements with protons/ions:

* Measure the trap vacuum

* Explore the performance of the STEP magnet for precision measurements
» Simultaneous proton/antiproton cyclotron frequency measurements

* Particle counting with simultaneous axial/cyclotron detection

Work on injecting antiprotons:

* Improve the deflector chamber vacuum

* Prepare the beam monitors

* |nstall alignment equipment, and optimize the magnet position




Characterization of transport time

(a)

During transport, the cryocooler of the magnet is stopped (e.g. while craning) and restarted at its destination.
Gaps in power are bridged by the liquid helium tank.
Liquid helium holding time is 12 hours without additional heat load and cryocooler off.

(b) 7—
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Cryocooler spikes that occur when restarting the cryocooler are limiting the transport time.
Temperature limit for the magnet coil: 7.0 K at the nominal current of 33.4 A.

Best demonstration so far with magnetic field: 2.5 hours without power / no additional heat load
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Measurements using BASE-STEP

BASE-STEP is a transportable antiproton trap, with the goal to supply other precision trap systems.

Other applications with antiprotons having low consumption rate or low reloading frequency are conceivable as
application.

| BASE-CERN State of art (other exp.) BASE-STEP

(AD shutdown) 250 ppt — 400 ppt

OIVE A EEREN 8 N Nights & weekends in 24/7 24/7
shutdown periods (5
months/year) 100% duty cycle 100% duty cycle
15% duty cycle

Number of antiproton 1 0 expandable
precision experiments

*by injecting antiprotons into the best state-of-art experiment.




Systematic Limitations of 2017 Measurement

Uncertainty Budget of 2017 Measurement: New trap layout with increased distance

Table 1 | Error budget of the antiproton magnetic moment between analySIS trap and precision trap.

measurement

Upstream anm‘tmag

Effect Correction (p.p.b.) Uncertainty (p.p.b.) THYT  Rewnorig  THVT|  Precsontap Trarpon Andyssvip | CoologTap | Bearen Gun
Image-charge shift 0.05 0.001 ] i T
Relativistic shift 0.03 0.003 @ $° u TTTHTTTTTTTTT T e e H

I Magnetic gradient 022 0.020 o dijuiebh it THRuTIyy ‘:
Magnetic bottle 0.12 0.009 cPlolele & sexsealslela aar 2le ¢ o o <ueeersmeneal: ¢ «
Trap potential ~0.01 0.001 i it CTEE ” - Id
Voltage drift 0.04 0.020 -
Contaminants 0.00 0.280
Drive t t 0.00 0.970 . .

| Drive temperature Recent magnetic field measurements:
Spin-state analysis 0.00 0.130
Total systematic shift 0.44 1.020 Parameter Value 2023 Value 2017

B, (T/m) 0.0108(3) T/m  0.0712(4) T/m

Limited by magnetic bottle strength of 2.7(3) T/m?
m y magnet & BT/ B, (T/m?) 0.0015(21) T /m? 2.7(3) T/m?

B1 improved by factor of 7. g-factor precision goal of order 100 p.p.t. at
, much higher sampling rate in reach (so far




The «Perfect» g-Factor Measurement

 Measurement improved previous
experiments by a factor of >3000, but:

* The width of this resonance is deliberately
saturated to counteract accelerator
imposed frequency flutuations

* The resonance is incoherent with a
maximum spin inversion of 50%.

* Reason: Particle detector interaction in
inhomogeneous magnetic field leads to
thermal phase noise with correlation time
constant of 30ms and line width parameter of
600mHz

* High spin state detection fidelity only
achieved by sub-thermal coolingto E, <
8.6 neV (100 mK), which required >10h

* Limits due to magnetic field fluctuation in
the accelerator hall.

Better shielding of accelerator imposed
frequency fluctuations, or reservoir based
measurements during AD/ELENA downtime

Implement coherent spin quantum
transition spectroscopy with a single anti-
nuclear spin.

* Solution: Much more homogeneous magnetic
field at lower temperature of the axial
detection system.

Improve heating rates in the spin detection
trap and implement faster Maxwell
deamon state preparation.

Mulit layer coil systems, faster frequency
measurements at higher resolution.



The single

* Current experiment:

* considerably improved particle
cooling, thus much higher
sampling rate

* Double trap measurement
cycles demonstrated -> reduced
systematics

* Ultra homogeneous magnetic
field

e Ultra stable experiment magnet

e Coherent quantum
spectroscopy methods and
phase methods available.

* Successful detection of
spin transitions with
99.95% detection fidelity

* Much faster experiment
cycles possible.

 Threshold initialization
not required anymore.

SPI

10%}
1000}

dn/dt (1/h)

c
-
o -

0.01}

N flip 2023

2

rf-traps other Penning traps
1
. m 2016 ~_
BSE this run \O
50 100 500 1000 5000 1o*

trap electrode distance (ym)

Error rate (%)
o

5

AT freq. scatter:

0.010 Hz

+ 0.020 Hz

0.030 Hz

0.040 Hz

0.050 Hz

é}.UO

0.05 0.10 0.15

Spin-state determination threshold (Hz)

Very optimistic to improve the antiproton moment measurement by >factor of 10

- 2016/2017

—

E.=48.1(1.8) mHz .

counts

0.0 04
Axial frequency shift (Hz)

2024 pbars

0
-03

-0.2

-01 00 0.1
Vz 1=V x (HZ)

Possibilities: Direct measurement of 3He2+ / 10 fold improved limits on MCP / 20neV absolute energy resolution



-ﬁ BASE Specialties — The Antlproton Reservoir Trap

e We have
e A vacuum of 5e-19 mbars

of 1.2|

local volume

Baryons in local trap volume
Antibaryon in local trap volume
Antibaryon/Baryon Ratio

Ratio Inversion
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* best characterized vacuum on earth, :
e comparable to pressures in the interstellar medium

Antiproton storage times of several 10 years.
Not more than 5000 atoms in a vacuum volume

Order 100 to 1000 trapped antiprotons
A local inversion of the baryon asymmetry

O TS I - Pbar consumption (excl. steering and trap

loading):
* Since 2014: 68 particles lost
* Since 2014: 34 particles lost due to exp. Mistakes

0.00013 m3
1.65*1077
100
5.9*108
3.8*1012

Particle Number

10 hours CERN power cut.

T
_~onep rticle lost by cleaning

one particle extracted to PT

T
two particles extracted

no particle in trap X-MAS break

two particles injeZ:ted to PT — one

one particle injected to PT\

prtl
prepar:

T
T
Particle found in AT \W

no particle in trap X-MASbreak 00000000

-20

0 20 40 60 8 100
Time (h)

120 140 160

* Average loss rate is at 1 particle in 2.5 months.
 Direct lifetime limits: t > 26.5a (80-fold impr.)

With this instrument: Investigate properties of antimatter very precisely



Antiproton Magnetic Moment Measurement

SEQUENCER STATUS: RUNNING m o6l
o r Ty Dot iy Thetr Fe s Choit Frof i 00U WITLDO B0k 3 Siguatno c‘g :
z o o 0.5}
Y ;
o 3
D 04 p
S o
< o w 0.3} -
3 3 Q
. 2 0.2}
I S o
o S 0.1}
CPT: 5B - PBAR Q. 8-
o9 | t 3 i
-0.1L, . . . . . 3
-6.x1024.x1022.x10° 0 2.x10°4.x10°6.x10°°
(Fexp=Go) Gexp
 E————— ,E,s,t'mat,e, S,ta,',‘d?',c,’ Ervor F-SfBFI#IC P-Yarluf ) Estimate Standard Error t-Statistic P-Value
A (0548235 010788 51003 000025752
. - A 0534714  0.046146 115874 7.13424x10°
WW | 1.70574x10° 6.00439x10-'0 2.84082  0.014874 P - ’
-— — s 10 WW | 1.32957x10™ 1.64557x10™ 8.07971 3.39651x10
= I TNED Iy e ' ' '
Data sampling currently ongoing. Hope for improvement by at
|
e least a factor of 10.




New 2022-Multi Trap Stack

Analysis Trap Precision Trap Reservoir Trap  *° — N\~
(spin state analysis) (frequency measurements) (antiproton catching) 18 [

Elongated Transport Section
(gradient supression) : |

12
~0.10 —0.05 0.00 0.05
Position relative to AT (m)

Cooling Trap

* High particle-to-detector coupling due to
smaII eIectrode geometry. Reduces

[

signal (dB)
N

* New highly shielded and highly optimized
high performance resonant detection
resistor for more efficient cooling and
reduced temperature.

-

296x107  297x10"  2.98x10’

frequency (Hz)

295x107




Sub-Thermal Cooling

precision trap (PT)

analysis trap (AT)

* Cold particle is prepared by selective resistive cooling in the PT w ' I %
< N o] — L) " se 4| o
- . _ _ T 25 l N 31 125
B e thermalize particle (10 min.) 2200 e T‘ — ! !
. / >*10] ] -"7"“'7\;"’ . 3 o e
PN 2057 Tl o a%emamt 7 N 5,
el $001 [ el L o |
¢ 0 ®2 > e
g}_;@;, g% Y ‘ | ‘ | ‘ ( sub-thermal cooling protocol J 0 20 40 60 80 100 ¢
iR [\ Es P a.) number of measurement
_g; E,_i_r"‘r\ B : -
| 12 min ? i: K‘“::M !‘ 1 j :’g‘ §\\\§
— time (s) 104 §\ \\ ‘\\\\Q
04 §& \ \\\\\\\\ N Rersasen -
30 40
b.) mod. cyclotron energy E Ik, (K)

Analyze temperature using
the magnetic bottle

(0=1:2g dmas deny

| particle below threshold

> MEASURE particle above threshold

particles with single spin- :
flip resolution are in this
temperature range

NOTE: each cyclotron frequency measurement heats the
particle to about 300K

SiIsSAjeuy aJnjesadwa)l

3u1j00) 1564

sub-thermal cooling is EXTREMELY time consuming




Antiproton Cooling Trap

w
* Implementation of a dedicated cooling trap with strong particle detector g 123:
coupling, reduced detector temperature, high-performance detection 5
resistor. £ 12:
o]
* Optimize transport and readout time in single-particle temperature o coolmg trap subthermalcoolng | |
measurements. 0.001 0.002 0.003 0.004 0.005
trap radius (m)
detector temperature 12.8 K 4.2 K
detection Q 450 1250
R, 75.000 € 360.000 ()
D 2
, pickup length (Dgsf) 21.5 mm 4.8 mm T = m N ( eff)
o || ] Ry \ 4
, thermalization time t 600 s 4.2s
Plan: More rapid cold particle preparation by stronger particle/detector coupling (smaller trap design) and
improved detector performance (thermalization resistor/temperature )




Temperature Measurement

- g * The 2022 temperature performance of the
* Sequence: W i

* Conclusion:

- P~ cooling resistor increased by a factor of 3.
* Measure axial frequency in AT - - i — .g * Decreases amount of required cooling
— = @ attempts for low temperature threshold b
e Shuttle AT-CT I8 ‘B ol a factopr of 3 ° '
. . Sl -$ ' . E C
* Thermalize in CT o, VR 3 oo . . .
s ! X -65 I ]
i Shuttle CT_AT = ‘ g l.'%._?o 4 \‘; 4
. S L T -5 (’,/ E 1
y - i ' ‘ . < S oo} ; _
L n 2 -85 - . ]
™ 6 . ‘ . -90, ! . T
% i l ‘ | " . 658800 659000 659200 659400 659600
i l' ‘,l ! 'lin’l! l”‘ l i) Frequency (Hz)
o A :
[b] 2 l } l ) [ ' e . -n g 8
0 100 200 QO S s
a.) attempt w0 E 4 .
60 07 ~ f=) I{I'
N 2016 - run (12.8(5)K) 06k 2016 — run (12.8(5)K) Q D 2b s tsiubmisin s Tk
current status (4.1(2) K) 05l current status (4.1(2) K)/, o 0 ] ] ]
@ 40 | — 658800 659000 659200 659400 659600
5 % é Z‘; 0% Frequency (Hz)
2 is < , £4 ¢ 2016 — used particle readout time of 60s in
10 " : several screenshots.
9 0.0 : % % 4 « 2022 - oEtimized single shot particle readout
b.) Vo=vz0 (H2) c.) E.lks (K) time for high identification efficiency:

16s at 0.5K detection bandwidth and 95.8%
detection efficiency.

16s at 0.25K detection bandwidth and 99.8%
detection efficiency.




Thermalization Time Optimization

. < T ' ] .
. . . g 15 :
e Use correlation estimates to determine 5 go W
. . . . Q 1
optimum particle / detector coupling time. g 10 LY
c 24 ]
* Measure frequency scatter as a function of % ) it It | 1=, Estti_mate:;:zaﬁling
. . . . = ] | L 1K ime: 5.7(1)s
particle / detector interaction time | | I AN éz Expected cooling
% . - | I g 1 time: 4.7s
5 = I : 75 75 % %
aftempt interaction time (s)
Status 2016 run with 600s cooling in the PT
\ at a cyclotron temperature of 12.7(5)K Spec AVG 64s 16s
g 05 \ TP from AT 78 s 55
o i \ \ Thermalize 600 s 5s
|
-E ' . TP To AT 78 s 5s
E Single Cycle 820s 31s
= 0.2 {P _ @ 1 Improvement Factor: 26 (* 3 times T reduction)
@
el S . . .
|\ status 2022 with cooling for 5 in the CT e Three-fold temperature reduction gives additional factor of
01l -H and a cyclotron temperature of 4.2(2) K ~L_| three in time reduction for particle preparation at given
................................ threshold.
0 5 10 15 20 25 30 _ o
* Explicitly demonstrated: robust 200mK particle preparation in

time (h) 8 minutes compared to previously 15h.



Applications — Phase Space Reduction

* Thermal initial conditions of a particle determine energy resolution and
phase resolution of particle excitation

_ 1qE, v e
e Resonant Radius  p(t) = 5 *tF Porn v
L Pog
1qE ? E»
. O Tbg
* Resulting Energy E(t) = <E m *t+ pO,th) = Eexc t 2\/Eth\/Eexc + Etn
1 1l I Xexc
* Resulting Energy 1 Ein L Eiy x
Scatter J(E+) = \/2Eth Eexc X /1 + EE ~ \ 2Eth Fexc (1 + i_l E )
‘BXC ‘eXC
04f | o ' "~ 1 * Enables:
- Sideband cooling {
N . :
% o3} Cooling trap cooling * Measurements at lower temperature and reduced systematic shifts
;3; * Measurements at better defined particle energy
1, 02f * Measurements at robust signal to noise ratio
E, * Measurement at higher phase resolution
>
= 01}
5 1
- Full potential for future frequency measurments under investigation

0 20000 40000 60000 80000
Burst Cycles



Summary — CT Performance

Parameter 2016 measurement (PT) 2022 measurement (CT) 5
“LL detector temperature 12.8 K 4.2 K ‘5‘4
- . T a3
: | detection Q 450 1250 =
\ =
{=2}
] Rp 75.000 Q) 360.000 ) @,
f pickup length (Defr) 21.5mm 4.8 mm 0
J N . 205x107 206107  207x10"  298x107
thermalization time T 370 s (P4) 4.2 s (C5) o
z equency (Hz)
- e L Lam
.
w Transport time 2x78s 2x4.6s Spec AVG 6ds 16s
| 1l ) TP from AT 78s 5s
| | Readout time 64 s 16s
——1i Thermalize 600 s 5s
_l TP To AT 78's 55
=] 200 mK preparation 15 h 8 min Single Cycle 820 s 31s
Improvement Factor: 26
i 7 - 1t \ Status 2016 run with 600s cooling in the PT ]
> 8 250 2016 12'8(5) K 1 at a cyclotron temperature of 12.7(5)K
g 2022- 422K | & ||
S 200 3 05H
2 , Estimated cooling 3 E | N
2" time: 5.7(1)s © 100 o ‘ h
T 0.2 —
E 2 Expected cooling. g @ O
. = 1|\ ~
E ! time: 4.7s 50 . \ Status 2022 with cooling for 5s in the CT
=, |_|—]_| R 0.1 \and a cyclotron temperature of 4.2(2) K
0 5 10 15 20 25 0 20 3

0 0 5 10 15 20 25 30
temperature (K) time (h) freauencv shift (Hz)

interaction time (s)



Flipping Spins

Observed frequency scatter:

Detection signal-to-noise ratio

Detection signal width

£
= =2 2 =
&= \/‘-‘B + PspAvy sr -
@
Further optimization of background noise
and averaging time ->
Heating rates further reduced by tweaking
many parameters like e
7 0061
e Particle temperature %om_
e Rf-noise amplitudes -

04

* Recording statistical spin flips and sampling of a Larmor resonance curve
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Dominant Systematic Trap — Uncertainty

Designed and developed

in the BASE
development laboratory

thermal
coupling

I System running successfully in persistent
mode.

Able to tune the B2 coefficient to O
within uncertainties of 0.00006T/m?

Reduces the dominant systematic
uncertainty of the previous magnetic
moment measurement by more than a
factor of 10000.

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

Av, v, V. | B; p.p.t
— = ——— kT, = —-23.5(1.5) —,
v:© T 4mmgViBy U C (1:3) K '

Need to get rid of this scaling in future runs ->
local tuning magnets need to be implemented.

B, (mT/m?)
S o

:

:

-300 -200 -100 0 100 200

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



BASE Experiments with Antiprotons

moments (world leading and unique)

Mainz effort started

| BASE approved

Most precise measurements of proton and antiproton magnetic

T T T T T T T | T T [
T T T
1 = - 3 u ASACUSA J_diSciacca etal, Phys. Rev. Lett 2012
1E-3 3 exofic atoms {m ATRAP ~ 1 diSciacca etal, Phys. Rev. Leit. 2013
/\‘_ - 4 - BASE J.diSciacca et al, Phys. Rev. Lett. 2013
< '
O-’g_ 1 - 1 A Mooser etal, Nature 2014
+Q 1E-6 4 single Penning traps = 4 < A mooseretal, Nature 2014 —
U) H.Nagahama etal,Nat. Comms. 2017
= ] 4| >3000 i
g A. Mooseretal, Nature 2014
S 3 3 C. Smorra et al., Nature 2017
?’Q 1E-9 ] BASE multi-Penning traps { - ] 1
9 — - C. Smorra etal., Nature 2017
N q reaChed prOton |Im|t (BASE Malnz) X ~] G. Schneider at al., Science 2017
q principal limit of current method E 4 2 0 2 4 6
T T T
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Most precise test of matter/antimatter
symmetry in the baryon sector
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Rexp - theo

0 100 200 300 400 500 600 700
time (d)

0.4 06

time (d

apoapsis

periapsis
3rd of July

3rd of January

Campaign

2018-1-5B 1001089218748 27 + 10712 27 = 10712
2018-2-5B 1001089218727 47 » 10712 49+ 1012
2018-3-PK 1.001089218748 19 + 10-12 14 = 10712
2018-1-5B 1.001089218781 19+ 10712 23=10712
Result 1.001 089 218 757 (16)
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