== Precise nuclear charge radil
via bound electron g factor
measurements

Fabian Heilde
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hf'ﬂ T | “ . __
Lol RaiER L ERRAR

() B 2 2 o

A
7
S
o
A~
Z
=
TS
N
[
2
e
—
-
=
=
%)
Z,
Z‘
O
Z
<
—
a
<
<
=

3
4

Compilation & Evaluation of Nuclear Charge Radii
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How to test a theory with precision
measurements?

----------

e Nuclear }
( 77777 Parameters |
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o Theory predicts observable
— experiment confirms or falsifies
hint for new physics ?!

o Any fundamental theory can only predict
dimensionless guantities

Experiment

QED,

Bound- state
QED

Observable ———

o Reliable fundamental constants
Including nuclear properties are
absolutely essential - -

I New Physics |
vl I

Nucleus

Harvest the rich potential of

B our strong field mini laboratories [ gt

aka inner electrons + nuclel
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Hydrogen-like ion in strong fields
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‘ Precise nuclear charge radii accessible
IAEA — Fabian HeiRe 3 aes




Overview

Measurement principle
ALPHATRAP Experiment
g;(***Sn***) measurement

Direct g-factor difference measurement

of 2°Ne®* and ?2Ne**
Summary & Outlook
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Measurement principle

»
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Spin energy
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Magnetic field B

Measure the

Measure the free
Larmor frequency

cyclotron frequency

IS
measured

. |
W) Gioy Me .
g = 2 Independent precision
\(Uq’ € \Mjo experiments
~ - e.g. PENTATRAP
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Experimental Tool: Penning trap
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* Measurement of cyclotron frequency: 1
- Homogeneous & static magnetic field o
—> Electrostatic quadrupole potential for trapping

XSS
CRSR
Rt

* Penning trap: B=4T z g p
f f f 1185n49+:
J8mm, v, ~ 25.681 MHz

v, ~ 25.672 MHz

UUC2 - '48 V O_
Uycy ~-97V - v_ ~ 8.3 kHz
Us ~-59V |
ULCl ~-37/V ; modified cyclotron motion
ULCZ - '48 V i$ axialandﬁgnetron
motion

e Cyclotron frequency via the invariance theorem:

. 2
Vc—\/.+Vz +. V, &V, >>V, >>V_

Brown & Gabrielse, Phys. Rev, A 25, 2423 (1982)
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Non-destructive Eigenfrequency Detection

 Measurement of induced image currents (~ fA) on trap electrodes
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70t
thermalized ion
(Tz ~ 4K)
S5 -80r — dip signal
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Non-destructive Spin state detection

Analysis Trap (AT)

vy ~ 110 GHz

ferromagnetic ring

Magnetic field
inhomogeneity

B, = 45KT - m™?

Microwave access

» Magnetic bottle makes the axial
frequency spinstate dependent

» Spinflip is driven by resonant microwave
excitation

IAEA — Fabian HeilRe

axial trapping potential
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Overview

« ALPHATRAP Experiment
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Max Planck Institute
for Nuclear physics
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Highly charged ion sources at MPIK

EBIT facility = i He'delberg EBIT A *“I"

- Access to highly charged =~ % % © Y *fa%?m-
lons

Thanks to the José
Crespo group

Current production status:
« all H-like ions up to 13?Xe
« all Li-like ions up to 238U
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Electron beam ion traps (EBIT)

- lonisation energy provided by electron beam energy

- Beam current ~ ampere

- lons confined by magnetic field + electrodes + beam space charge
- Charge breeding takes ms-min

c field

B=0.7T

7 Electron collector

Magnets Electron

i | =
\ 7 - { : N P Radial space-charge

potential from the
electron beam

Electrons " |ETESN# = | beam F 7 7
| ~ e R
. To beamline AN
(B Collector Axial potential from the trap electrodes
Drift tube Christoph Schweiger, Master Thesis Uni HD, 2017

P. Micke et al. Rev. Sci. Instr. 89.6 (2018).
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* 4T magnet
« 4K Setup

* Pressure below
1016 mbar

‘ Space

Conditions
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Capture electrodes
» Potential switching
« Dynamic ion capture/storage

Precision trap

* 18mm diameter

« 7-electrode trap

« Homogeneous B-field: measure T' = w; /w,

Analysis trap
« 6mm diameter
« Ferromagnetic ring electrode: spin detection

Microwave horn
* mm —wave coupling
e Laser access
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Overview

* g;(***Sn*?*) measurement
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We are here

28613+

Picture from IAEA

Current status

|||||||
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T

What about the middle |

Measure
H-like Sn
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We want to go there

Heidelberg-EBIT can
produce H-like ions up
to Z = 54
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Current status

ST

Jonathan S measurement

___________________________________________________________________

___________________________________________________________________

_____________________________________

<|E[> (V/cm)

40
Nuclear charge 7
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% g factor measurement cycle
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Resonance for g;(*°Sn**)

Transistion probability as a

function of =L 40T
Wc
;\? 30 F
Maximum-Likelihood fit of £ |
the data ¢

—_
(e
T

-1 -0.5 0 0.5 1

I' ¢/T-1 (ppb)
/ 5 X 10_10
Thanks to the YExperiment — 1.910 562 059 (1)
theoreticians ITheory = 1.910 561 821 (299) ——15x 107

J. Morgner et. al. Nature 622, 53 (2023)
We also measured g;(**Sn*"*) & g;(*8Sn*>*)
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g-factor contribution 118Sn49+

* Nuclear parameters (radius, polarization, ...) are accessible

Contribution

118549+

Dirac value

Finite sizc

1.908
000

014 489 4(110)(188)

New Theory 2024

2 sigma

Nuclear deformation 0.000 000 000 0(10)
Nuclear polarization 0.000 000 000 0(94) g - exp
Nuclear susceptibility 000 000 000 0(13)
1-loop QED (Za)? 0.002 322 BTTS i
(Za)2 0.000 051 538 9 0.
(Za)? -0.000 170 171 8 I
(Za)®t SE 0.000 256 890 8(7)
(Za)®t VP_EL, Uchling 0.000 008 708 8 21077
(Za)®t VP_EL, WK (incl. FS) 0.000 000 658 4
(Za)®t VP-ML (incl. FS) 0.000 001 225 0(40)
remaining 1-loop-FS -0.000 000 045 7(1) 7
=4.x107"
Muenic VP -0.000 000 002 7(14) =10
2-loop QED (Za)? ~0.000 003 544 6
(Za)? -0.000 000 078 & -
(Za)? -0.000 000 971 9 -6.x107 -
4
z LBL -0. 151 ¢
(Za)~, 0-000 000 151 9 theo, prev theo,new exp
(Za)® SESE 0.000 000 202 3
(Za)® LBL -0.000 000 013 5
(Za)5t ML ~000 000 022 2(215)(52)
(Za)®t S(VP)E, SEVP, VPVP O
(Za)®t sESE <u‘uuu 000 000 0(2968) > (190)
= 3-loop QED (Zu)n 0.
binding 0.000 000 000 7(105)
Recoil %, all-order Zo 0.000 000 726 8
h.o I -0.000 000 000 1 g . — 1 910 562 059 (1)
M -_ L]
rad-rec -0.000 000 000 5(4) Experlment
Hadronic (Za)? 0.000 000 000 0 gTh — 1 910 561 975 (39)
.
(Za)2 0.000 000 000 0 eory
Hadronic Uechling -0.000 000 001 8(14)
Electroweak 0.000 000 000 0 .
Sum 1.910 561 821 0(2988) Sikora et al"

IAEA — Fabian HeilRe
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Overview

* Direct g-factor difference measurement
of 2°Ne’* and %2Ne?*



@

Direct g-factor difference measurement
of 2°Ne’* and ?2Ne®*

» Controlled ion crystal in a
Penning-Trap

» Measure the g-factor difference
In a decoherence-free subspace

» Achieve high accuracy
compared to a “typical” g-factor

measurement _
T. Sailer et al., Nature 606, 479 (2022)
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Coherent g,-g, difference measurement

Av B A

2

Measure beating frequency
of the two Larmor frequencies:

Awj = Wion1 — Wion 2

Coherent difference

>

Phase determination

t
» Magnetic field fluctuations quickly (~ms)
render Larmor precession incoherent

» Crystallized ions see the identical field

» The phase difference (correlation)
stays coherent (>seconds!)

£ 03 Simultaneous Ramsey cycle p([4) - [11)) , ,
,f:g 0.6 = COS ((w1 — wrf)t) X cos ((w2 - wrf)t)
; 0.4 = 1 2 — t) + -

< (B(0)), 7 [cos(2(w; — w2)t) + -]

” > Small difference

S50 351
baval (ms)
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Direct g-factor difference measurement
of 2°Ne®* and ?>Ne**

T. Sailer et al., Nature 606, 479 (2022)
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1.00 (16) ©) 100 (11) 6) 100 (16) (9), dogyy I
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2 I
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T
@ 20| X \
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—40 | | I I
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Tavol {S}

 Two order of magnitude improvement for comparing g factors (most
precise difference of g factors)
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Direct g-factor difference measurement
of 2°Ne®* and ?>Ne**

Theoretical g factor

T. Sailer et al., Nature 606, 479 (2022)

20Ne?* 1.998 767 276 921(117)
22Ned* 1.998 767 263 446(117)
Theoretical difference (x 10-)
Nuclear size 0.166(11)
Recoil, non-QED 13.265
Recoil, QED 0.044
Total 13.474(11)
Experiment 13.475 24(53)4,(99)ss
« Perfect agreement with theory at 5 x 1012 level
- Confirmation of QED recoil contribution in g factors! ~6 x 10713 precision
 Factor 9 improved rms nuclear charge radius difference relative to the g factor
. 5.1/2
: 2 _ :
Lit: 8(!‘ )1/2— 0.0530(34)fm ViN% |mprovement
New: 8% "=0.0533(4) fm mmmm)| still possible

IAEA — Fabian HeilRe 22 =




Bounds on New Physics

 Limit mediator boson mass for Higgs portal Yukawa force

« Higgs portal mechanism involves the coupling of a potential
new scalar boson with the Higgs boson

 Limit on the coupling strength y_y,

10— S o
Yb'T IS-NL
10-6 Limit is competitive
< with H 1s-2s IS
< 1078 R with independent

rms nuclear charge

| %_/ | radius difference
10—12_ . | . | . o

107 1072 1072 107" 10° 10" 10* 10°

my [Units of m]

-l

T. Sailer et al., Nature 606, 479 (2022)
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Summary

» lon production of medium-to-high
hydrogenlike ions
> H-like g factors up to 13?Xe &
all Li-like g factor up to 238U &
g factor differences below 1010
» Potential to improve nuclear charge
radius for nuclei with Z > 50

> Measure g-factor differences of 20.22Ng%+ 10"
with extremely high precision (~10-13) 10-6

» 9x iImproved rms charge radius
difference

» Limits on ,New Physics” 1071

» Different Isotope shifts measurements
possible

Yeln

1078

107"
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Outlook

» Access to hydrogenlike ions beyond lead
» @ factor and Laser spectroscopy in highly charged ions

IAEA — Fabian HeilRe
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Hyper-EBIT

* Produce hydrogenlike ions beyond
lead

Planned Specifications

Electron beam 200keV
energy

Beam current >200mA

 First commissioning after long
shutdown
« Currently: High-voltage upgrade

2 . . N
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Lepton Symmetry Experiment
| SYM o Sven Sturm

MAX-PLANCK-INSTITUT
SO0\ FUR KERNPHYSIK

- O - HEIDELBERG

\\\\

WHERE DID ALL THE ANTIMATTER GO?

» Uniquely stringent CPT test with Lsywm:
» g/m (direct) 1,000,000x better :
> g-factor: >50x better Lsym

...than any previous experiment

Lsym

ST

Lswi

> Method:

107 10" 108 10 1072
Fractional precision

Nuclear charge radius

7~ \ determination for low Z
19 MHz (“slow”) possible
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FUTURE: Network of Precision for HCI

Bound electron — Energy (Lamb) shifts i
= h gy (Lamb) shifts in
gj factors < e ey > electronic, muonic and
Nuclear g, factors pionic ions
O\ (1) Test QED VAN
S (2) Determine @
S fundamental 2
£ constants =
S " D
&, (3) Set "New o
Physics* limits v

Electron & neutron
Precision theory scatter

Precise nuclear parameters
(charge & magnetic radius, polarization, ...)
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Thank you for your attention!
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European Research Council

Questions?
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