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Ground-state hyperfine splitting in a magnetic field
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* Electron g-fattor
* Electron/nucleon mass ratio

* Nuclear g-factor

* Nuclear structure - Zemach Radius
* Diamagnetic shielding

* QED contributions to E
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Nuclear magnetic moment of *He for magnetometry

Accurate NMR at lower Systematics for 3He probes

H20 3He
Dependence on temperature 1 1/100
Dependence on probe shape 1 negligible
Susceptibility 1 1/1000
. L 1 1/10
Rl iuiediy measured calculated

3He to H,0 comparison determined p,,, to 1.2*10® only
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Goal - Disentangle 3He from calibration by proton NMR probes
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gi = —4.2550996069(30)stat (17)sys

exp __

ge - = 200217741579(34)stat(30)syst
Enrs = 8,665,649,865.77(26)stat(1)syst Hz

A. Schneider et al., Nature 606, 878 (2022).
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Diamagnetic shielding

91~ 91 = 9:(1-o0) Discrepancies

Nucleons are surrounded by electrons. Measured  Several HFS discrepancies due to complex/faulty
nuclear magnetic moments are shielded — shielding calculations, e.g. 2%°Bi, 2°’Pb, 1®°Ho
Calculations required!

L. Skripnikov, et al., PRL 120, 093001 (2018)
J. Crespo Phys. Rev. Lett. 77, 826—829 (1996)
V. Fella Phys. Rev. Res. 2, 013368 (2020)

L) [T Shielding of 3He

g; (PHe) is needed for accurate NMR magnetometry

o(3He™) = 35.507427(10) ppm M. Farooq et al, Phys. Rev. Lett. 124, 223001 (2020)

e o(®He) = 59.966512(24) ppm K. Pachucki, PRA. 108, 062806 (2023)

Shielding parameter calculations not checked experimentally!
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Diamagnetic shielding and Cancelation of nuclear structure

* Bound state corrections obscured by

* Test of shielding via mearement in
nuclear structure

different charge-states

1-o(Be*) i (Bet) vurs = Vr(1 + ae + dps — 227 /ay)
— u \ )
— 3+ - 3+ -4 6 x 104
1-o(Be3t) theo up(Be3t) exp o 4x10
Form specific difference
_ IRt IRA3+
Avyps = vyps(®Be™) — &vyps(PBe”™)
9Be™ laser-microwave double resonance 9Be3* in Penning trap at HTEx
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N. Shiga et al., Phys. Rev. A 84, 012510 (2011) B(T)
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Single lon in a Penning trap

Radial confinement: B = Bye,

2
Axial confinement: ®(p, z) = V,C,(z? — p?)

magnetron

cyclotron

Typical values:
v, = 30MHz v_=5kHz v, =500 kHz

V. = \/vi +vZ+vZ = %%B Single-shot precision: o(v,) ~ 107°

L.S. Brown and G.Gabrielse, Rev. Mod. Phys 58, 233 (1986)
Andreas Mooser UTEx d




Ground-state hyperfine splitting
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1S Zeeman splitting of °Be®*
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Spin-State detection - Continuous Stern-Gerlach Effect

Ring electrode made of CoFe

Magnetic bottle inside separate analysis trap:

2 B, 2
B, =By + B,z° - AD(z) = —ZEuiz
=== Spin-state dependent axial frequency
Av, . ~ 20 Hz

Av,; =~ 10mHz < v, fluctuations
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Spin-State detection - Continuous Stern-Gerlach Effect

Magnetic bo

Ring electrode made of CoFe
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Window to prevacuum

Microwave pick-up

1.8 m

Microwave coupling
and filter stages

22 cm
Trap chamber

Detection systems

Magnet earlier Uni. Washington — Prof. Van Dyck
Now at MPIK in Heidelberg, Germany

Andreas Mooser UTEx T
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AN
Ultra-High Vacuum ' Ports
- [ . Interface * 313nm Fiber coupled
Flectronics e Microwave access * 2 xablation laser free running

- Alignment

* Laser access
* Signal Lines

* Microwave acclss

Pre-Vacuum / \ \

G
< gg{%ﬁﬁg'%r\é%lve Detection Systems Penning trap
- , e  Superconducting toroids * Fourindividual Penning traps
Detection . . . .
* Low-noise cryogenic * Intrap production of ions
amplifiers
UTExX
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The double-trap technique

* B, leads to broadened resonance
* Double Trap technique —Werth Uni. Mainz
Eur. Phvs. J. D 22. 163-182 (2003)
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Results

Use double resonance technique to measure three nuclear spin transitions
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S. Dickopf et al, Nature 632, 757-761 (2024) Few ppt precision on transition centers!
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Results
opa3+y — Is(Be*t) em(*Be’") 9pa3+y — 91CBe’T) me
FE( Be ) - 2 q Me ’ FI( Be ) - gs(9Be3+) mp
Eyrs(°Be*") = Eyps o (1 + 8pr — 2277/ ay)
Accepted value Our value
g;(°Be*t) | —0.784 954 39(2)1e0 [3] —0.784 954 422 96(42) 0xp (11) tre0 x45 improvement!
ry 4.03(5)fm [1] 4.048(2) fm
m(°Be) 9.012 183 06(8)u [2] 9.012 183 0344(35)u x25 improvement!

Theory by B. Sikora, V.A. Yerokhin, Z.Harman, C.H. Keitel

Profit from improved theory for hydrogen-like ions to gain orders of magnitude in precision

[1] Puchalski, M. & Pachucki, K. Phys. Rev. A 89, 032510 (2014)
[2] Wang, M., et.al. & Naimi, S. AME 2020 (lI). Chin. Phys. C 45, 030003 (2021)
[3] Pachucki, K. & Puchalski, M, Opt. Commun. 283, 641-643 (2010 [S. Dickopf et al, Nature 632, 757-761 (2024)]
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Results
Compare with measurements on °Be* | D. Wineland, et al., PRL 50, 628 (1983)
Test of shielding Specific difference of zero-field splitting
| — o(®Be™) = (1 — o(*Bey) TCBED g5CBe) vurs = Vars,0(1 + 8y — 2277 /ay)
— O e = — g (S
I;(°Be™) gs(*Be’") Directly cancel nuclear structure contributions
— 9 + _ 9 3+
Experiment: o(Be*) = 141.8821(11) ,,(12) o x 10-¢| |  AVHrs = Vurs(Be™) — {vups("Be™™)
Theory: ¢(°Be*) = 141.85(3) x 10~ Experimental: Avyrs = —274.638909(12) kHz

Theory : Avyps = —271.4(3.6) kHz

ppm tests of multi-electron contributions in
Virs [2]

First high-precision test of diamagnetic
shielding [1]

[1] Pachucki, K. & Puchalski, M. Opt. Commun. 283, 641-643 (2010).
[2] Puchalski, M. & Pachucki, K. Phys. Rev. A 89, 032510 (2014).
This work S. Dickopf et al, Nature 632, 757-761 (2024)
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Outlook — Phasesenstive Detection
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* Results in significantly reduced linewidth —thus center determinable with single digit ppt precison

* Paves the way towards an improved determination of = gem g2 = 2R, m ﬁ
electron mass e c mem
Andreas Mooser UTEx
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Outlook — electron mass

New System

* In-trap B shimming —reduced line
shape distortion

e Self-shielding —improved B
stability

e Larger Traps - Reduction of image
charge shifts

* Aim ppt measurement of electron mass
e Joint efforts with Alphatrap at MPIK

Andreas Mooser UTEx
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Extraction of

a enters two quantities

Ytheory = 9p + AGraa + AGrec T

Agns + - 4 me

Eyrso = 591 m—mecza(Za)3

Grad = 2 [cez za) (%) + caza) () + ] P

* aentersin higher order o entersin first order

* Smaller nuclear structure dependence e Large nuclear structure dependence

a in g dominated by free electron QED, e.g. 1-loop QED (Z a)°
From theoretical point of view closely related to free electron g-2

Form Experimental point of view complementary systems with different systematic
effects

Andreas Mooser Hyperfine Spectroscopy on a trapped 9Be ion



Sensitivity and Limitations

1 0—9 r
Contribution ‘He' 125+ 28g;13
)
2" (fm) 1.681(4)* 2.4703(22) 3.1223(24) £
Mo (1) 4.002 603 254 130(63) 12 (exact) 27.976 926 534 65(44) 1011}
M (u) 4.002 054 700 617(63) 11.997 257 680 293 69(97)  27.969 800 594 24(50) §
Dirac value 1.999 857 988 82537(7)  1.998 721 354 392 0(6) 1.993 023 571 557(3) 3 10712
Finite nuclear size 0.000 000 000 002 30(1)  0.000 000 000 407 4(7) 0.000 000 020 468(31) g
One-loop QED & 10-13
(Za)® 0.002 322 819 464 85(54)  0.002 322 819 464 %(5) 0.002 322 819 465(1) %0
(Za)? 0.000 000 082 462 19 0.000 000 742 159 7 0.000 004 040 647
(Za) 0.000 000 001 976 70 0.000 000 093 422 2 0.000 001 244 596 107
(Za)*™* SE 0.000 000 000 035 42(68)  0.000 000 008 282 6(37)  0.000 000 542 856(60)

*  Cancelation of bound and free QED contributions around Z=6
*  Uncertainty dominated by nuclear structure - 4He only exception

* At higher charge states ideas of cancellation of nuclear structure
effects using specific differences (H/Li like or H/B like)

Andreas Mooser Hvperfine Spectroscopy on a trapped 9Be ion
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z
Limitation due to
. Alpha - Blue
. nuclear structure — black squares
. Mass — open squares

Zatorski et al Phys Rev A 96, 012502 (2017)
Shabaev et al Phys. Rev. Lett. 96, 253002 (2006)
Yerokin et al Phys. Rev Lett. 116, 100801 (2016)
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Status and outlook
(Za) =2 Qﬁﬂ ppt measurements of masses and frequencies
YGtheory "o My W, will enable 500ppt determination of a
Masse of “He Larmor/Cyclotron

4 SMILETRAP (]|

50 -
s i SMILETRAP(0)

LIONTRAP
(this work) 40

Demonstrated 12ppt —
progress towards 1ppt
(PENTATRAP)

1995 2000 2005 2010 7 2035 0.0 0.5 1.0 ;-5 20
Timeline (years) (i, -1)/10

S. Sasidharan PRL 131, 093201 (2023) S. Sturm Nature 506, 467 (2014)
M. Restrepo PRA 112, L040801 (2025)

Demonstrated 30ppt —
progress towards 1ppt
(UTEXx, AlphaTrap)

30

. 7.40-10
20l FWHM: 7-10

m(*He) - 4.002603254653 (nu)
spin-flip probability (%)

Probable steps to be taken

* Improved magnetic field stabilization — see limitation g-2 electron

 Improved motional energy calibration, e.g. sympathetic laser cooling
Andreas Mooser Hyperfine Spectroscopy on a trapped 9Be ion
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Hyperfine Structure
Eoxp = 12 796 971 342.630(52) Hz (4ppt)

EHFs theory = Enpso(1 + Spt — 2Z7z/ap)  With EHFS'O~CZ(ZCK)3
4x107™* 6x107*

Specific difference Avyps = vyps(PBet) — Evyps(°Be3)

Experimental: Avyps = —274.638909(12) kHz
Theory : Avyps = —271.4(3.6) kHz

e Suppression of nuclear structure by orders of magnitude
* BUT large cancelation of contributions, e.g leading correction Eygs o,
significantly reduces «a sensitivity

Alternative? Reduce electron density at origin, e.g investigate boronlike lons (*>N** - 2p, ,,)

Andreas Mooser Hyperfine Spectroscopy on a trapped 9Be ion
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Summary

* Measurement of ground-state HFS in H-like 3He and °Be

— Zemach Radii and Nuclear Magnetons for first time measured
directly /improved

— Most precise measurement of beryllium mass
— Test of diamagnetic shielding corrections
— Li- and H-like comparison to probe point-like effects in E
* Next
— Measurement on systems with no nuclear Spin e.g. *“He and 12C
— Direct measurement of 3He nuclear magnetic moment

Andreas Mooser UTEX
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