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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.
‘L 4. 2
 BASE-CERN: I\/Ieasurement of the magnetic
moment of the antiproton and
proton/antiproton g/m ratio
e BASE-STEP: transportable antiproton trap
 BASE-Hannover: QLEDS-laser cooling project, new
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C. Smorra et al., EPJ-Special Topics, The BASE Experiment, (2015)
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BASE Annual Summary 2022

Experiment Online Shutdown: Experiment Online
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preparing the
experiment to reach
sub-ppb proton
moment resolution.
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[2li§g Quick Review — Article Published / QM

5 — _1000 OOO OOO 003 (16) Non-minimal Standard Model Extension:
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Constrain 10 coefficients of the Standard Model extension.
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Most Precise Test of CPT Invariance in the Baryon Sector



Goal of the Current Run

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

BASE approved
. ; ——

I * BASE has measured the antiproton magnetic
L - {m aTRAR moment with a fractional accuracy of 1.5 p.p.b.
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=l g Penning Trap Magnetic Moment Measurements

Cyclotron Motion Larmor Precession
g: mag. Moment in units of

é nuclear magneton {k p
e e v Q’
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S. Ulmer, A. Mooser et al. PRL 107, 103002 (2011) A. Mooser, S. Ulmer, et al. PRL 106, 253001 (2011)

Determinations of the g-factor reduces to the measurement of a frequency ratio -> in principle very simple
experiments —> full control, (almost) no theoretical corrections required.




Spin-Quantum-Transition Spectroscopy

Measurement based on continuous Stern Gerlach effect.

Energy of magnetic dipole in by = —(1y - 1‘3’)
o P

magnetic field {Frequency Measu rement\

Spin is detected and analyzed via

an axial frequency measurement

. H H 2
Leading order magnetic field B, =By + B, (z* — %)

correction

t 9
-
. . . . . =
This term adds a spin dependent quadratic axial potential 5 spin down
-> Axial frequency becomes a function of the spin state T o o
(¥ -
QL .
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- Most extreme magnetic conditions ever applied to single Ei sictvspetana —~ B o . |
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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 \




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.




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




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’
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Generally better shielding of
all the trap supply lines,
multitude of cryogenic
switches, cryogenic bandpass
filters, decoupling of spin flip
and radial manipulation lines.

Already two times better than
In previous experiments



Heating Rates

* BASE magnetic moment measurements can only be performed, once we cool particles to low cyclotron
energy.
* Magnetic bottle does not only couple spin-magnetic moment 29
to the axial frequency but also cyclotron magnetic moment. (, = A= S (a) )
Cyclotron transitions are driven by background rf-noise, + 2m —ha)+ E\T+
inducing heating rates: p
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Borchert, PRL 122, 043201 (2019), https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.043201



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 Tle 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
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L n 2 -85 - . ]
™ 6 . ‘ . -90, ! . T
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i l' ‘,l ! 'lin’l! l”‘ l i) Frequency (Hz)
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[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

* Use correlation estimates to determine
optimum particle / detector coupling time.

* Measure frequency scatter as a function of
particle / detector interaction time

—
o
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%))

Estimated cooling
time: 5.7(1)s
Expected cooling
time: 4.7s

NN =]

thermalizationscatter (K)
thermal shot/shot scatter (K)

0 100 200 300 200 500 0 5 10 15 20 25
aftempt interaction time (s)

L) " L] L] ) L L) L]
Status 2016 run with 600s cooling in the PT

at a cyclotron temperature of 12.7(5)K Spec AVG 64s 16s
TP from AT 78s 5s

| | Thermalize 600 s 5s
“-\ TP To AT 78 s 5s
Single Cycle 820s 31s

QP — @ 1 Improvement Factor: 26 (* 3 times T reduction)

<
N

temperature (K)
o

|\ status 2022 with cooling for 5s in the CT | . T:ree-_folc_zl tempderat.urefreductlpr; gives additional factor of
L 11\ and a cyclotron temperature of 4.2(2) K thﬁgghlcr;lgme reduction tor particle preparation at given

. * 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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3 ] 0.10} . b
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trap electrode distance (um)
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-03 -02 -01 00 0.1
Vzka1=Vz ik (HZ)

...with highest detection
fidelity ever reported...:

...observation

of Single Spin
Flips....

-03 -02 -01 00 0.1
vz,kn'vz,k (HZ)

Vzk+1=Vzk (HZ)
o
(=]

Total game changer in magnetic moment experiments

counts

-0.2

-0.1

0.0 01
Vz ke1=Vz x (HZ)

Parameter Value Uncertainty Width Events
Left Distribution @.17483 ©.00185674 0.0218117 70
Center Distribution ©0.00378045 0.00146963 0.023697 131
Right Distribution 0.172828 ©.00213892 ©.0249438 69
Spin Flip Prob. 1.06107

WN [ld
k. ‘ il
| il 1 1!
|
| |
50 100 150 200 250
attempt
50 100 150 200 250
attempt

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

electron/positron

This is several 1000 times harder than observing the same for the




Single Spin Flips in the PT

* Key ingredient to multi-trap magnetic moment measurements:

axial shift (Hz)

Identify spin quantum state in the AT
Transport to PT

Induce spin transition in the PT

Transport back to AT

Detect in AT whether spin has flipped or not

Have executed 480 cycles with one single particle

(median 80 in 2016)

Probability

N
o

counts

20

20

60
attempt

80 100 -10 0 10
quanta per transport

80

(=2}
o

N
o

=}

-60

_—
-40 -20 0 20 40

Power (dBm)

 Under these conditions:

* No AT spin flipping required anymore
* Reduces cycle from 17min to 5min.

e Some stability issues under investigation at
the moment.
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=l g Penning Trap Magnetic Moment Measurements

Cyclotron Motion Larmor Precession
g: mag. Moment in units of

é nuclear magneton {k p
e e v Q’
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S. Ulmer, A. Mooser et al. PRL 107, 103002 (2011) A. Mooser, S. Ulmer, et al. PRL 106, 253001 (2011)

Determinations of the g-factor reduces to the measurement of a frequency ratio -> in principle very simple
experiments —> full control, (almost) no theoretical corrections required.




Cyclotron Frequency Measurements

Counts

Vi=V, o (HZ)

1.0¢

28h of cyclotron frequency

0.5}
i measurements
0.0h i
05} ]
-10Ll \ \ \ \
0 20000 40000 60000 80000 100000

140
120
100
80
60
40
20

Time(s)

Current
resolution

300ppt
magnetic
moment Mainz

Scatter (p.p.b.)

e Recent cyclotron frequency measurements (recorded this weekend)

Frequency scatter of this measurement is at a median of
520p.p.t., 3 times better than in our recently published charge-to-
mass ratio measurement.

Measured here 25 p.p.t. in 28h of measurement time -> 16p.p.t. in
four days of averaging time.

Resonance is about three times narrower than 300 p.p.t. Mainz
proton magnetic moment measurement.

In case we get our systematics under control -> potential to
improve the proton moment by a factor of 3 to 5, and the pbar
moment by a factor of 15 to 25.

Still a lot to investigate.
* Relaxation drifts in cyclotron frequency measurements to be understood.
* Bl improved from 72mT/m to 16mT/m, but still considerable.

* Some higher order pseudo-harmonic cross talk to be understood B1/C3 and
C1/B3.

* Magnetic bottle RF heating?



Summary of exp. achievements made in 2022

Reduced particle Optimized frequency averaging Parametric particle detection Homogenized and shielded magnetic field

Heavy control system
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-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.




End of the physics run 2022 for STEP

Progress at CERN in 2022:

Installation of the experiment support structures
Installation of the vertical beamline and the deflector chamber

Cryogenic stage for the transportable magnet is assembled and
placed in the experiment area

Commissioning of the electrostatic deflector chamber
Operation of two beam monitors tested

Detection of antiprotons behind the electrostatic deflector



=I5 Installation Status — 28.11.2022

nlet chamber

(support plate not ZQNA chamber
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First antiprotons in the BASE-STEP zone

~0.4-,
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Representative response of beam monitor 1
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QDN82: 3495.34V
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Optimization for injection into BASE-STEP will take place in 2023.

First signal on beam monitor 2

6 10I00 2060 30I00 40I[}0
Time (ns)

The 90 degree deflector and the beam monitors were commissioned with antiprotons at the end of
the run 2022.

After only 2 hours of operation, we observe antiprotons on the beam monitor in front and behind the
deflector chamber.

— QDNB82: 3295.34V
QDN82: 3495.34V

~—— QDNB82: 3695.34 V

—— QDN82: 3895.34 V

1 —— QDNB82: 409534V

— QDN82: 3895.34 V



Thanks for your attention




Heating Rates and Improved MCP limits
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=g Quick Review — Article Published / MCP

e Uses heating rate measurements in the BASE-analysis trap to set limits on millicharged

particles.

e Derives model dependent MCP constraints in a broad parameter region.
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