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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

ion rotates with free cyclotron frequency:
magnetic field B 1 gB

V. = —
2t m

A A A A A A AAAAAALAADADAAALD

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

magnetic field B + electric field @ 1 ¢B
Ve = 75—

2T m
vZ=vi+vZ+v2
F A+ |+ +

A A A A A A AAAAAALAADADAAALD

superpositione=. modified
_LL::T — =._\

= = TN cyclotron

B

Typical values:
i EEEa v, = 30 MHz
v, = 500 kHz

v’ achieved trapping % v_ = 5kHz
X able to measure v,

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign
Detection system: t FFT spectrum:
@ Signal

amplitude (a.u.)

796k 796.2k 796.4k 796.6k 796.8k

dip @ v,
1 [q
V2 = g \im 2V

resonant tank circuit (coil)
amplifies the induced

image charges
g-factor measurements on light ions @ UTEx

797k 797.2k

IMPRS-Seminar, 17.04.2024
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

Detection system: t FFT spectrum:

D

Signal

amplitude (a.u.)

796k 796.2k 796.4k 796.6k 796.8k 797k 797.2k

RF-Excitation dip @ v,
I
~ double dip:

to coupleand v, e.g. v,:
VRF = Vz — V4

v’ achieved trapping /4 \
q
v able to measure Ve X mB Split by sideband coupling

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX N
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2. g-factor measurements 3. Measurement campaign

1. Penning trap principles

Voltage sources

Experimental realization:

Trap tower:

) ' Laser + MW

Detection system:

magnet [ | |q. Helium

g-factor measurements on light ions @ UTEx

IMPRS-Seminar, 17.04.2024
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2. g-factor measurements 3. Measurement campaign

SCHEMATIC SETUP

*He-filled glass sphere Precision trap Analysis trap
is resistively heated measure eigenfrequencies spin-state detection is
such that He atoms of the trapped ion to Radio-frequency drive enabled hy the

’ _Be t.arget permeate the glass highest precision RF-drives for nuclear spin-flip  inhomogeneous B-field |
is hit with an excitation are connected to the !
ablatlog laser oo : - precision and analysis trap
313nm cw laser (eTEe { L AW ' ; a ‘
for cooling ¥ : {1 ] = ot
9 + ‘ - . Y — ~ |
rapped "Be : ~mp ym— I.-
microwaves ) — ‘
for driving electronic R . ! j = ;
spin-flips .?"-‘ |8 : : : 5 ; : ' . - Fe e -
—— ) Resonator circuit Axial frequency dip
532nm pulsed laser i Cooling trap Coupling trap for measuring of a single ion
for ablating Be e a cloud of °Be* sympathetic eigenfrequencies
from target R ions is stored and cooling of the ne
laser-cooled trapped ion = I

T = %
o, Sy Electrons from a
‘t! | field emission point

ionize the trapped
atoms

AMP SAMP FFT
4K 300K

Amplitude

Trap tower assembly
is mounted in a cryogenic vacuum chamber

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx



MAX-PLANCK-INSTITUT FUR KERNPHYSIK X\
-l «© I

S\

1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

I g B
v, =—g—=B X(g)v
L an C
independent mass determination spin-flip resonance curve:
@PENTATRAP:
— ®
_—®
e EZA

. e<magnetic field B,
eeman magnetic moment,
quantum electro

splitting
) dynamics, size, ...
E,Y

B

- How to detect the spin-state?

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx



1. Penning trap principles

vy ocg%B X gV,

ferromagnetic ring
electrode:

) Bz
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2. g-factor measurements 3. Measurement campaign

Addition of magnetic bottle inside separate trap:
' B, = By + BZZ2

= Av,sp = 2n2my, (gus/nl)

S
s
©
=
o)
(%]

<—>AVZ

472100 472300 472500
frequency (Hz)

Av, . =~ 22Hz out of ~500 kHz

Av,, = 100mHz = v, fluctuations

v’ observe electron spin-flips
X observe nuclear spin-flips

IMPRS-Seminar, 17.04.2024

g-factor measurements on light ions @ UTEX
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1. Penning trap principles ’ 2. g-factor measurements 3. Measurement campaign

start with drive
Ve some state: spin-flip
analysis .
y @ VRF .
trap
- measure B via v,
precision, dri _
0 riv in-fli
trap € sp p
start with drive
analysis some state: spin-flip
trap
- no spin-flip in precision trap
IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx



1. Penning trap principles

analysis
trap

Vee

precision,

trap

analysis
trap

=

Spin-flip probability (%)

IMPRS-Seminar, 17.04.2024

20

start with
some state:

[2) < 4)

2. g-factor measurements

SO

MAX-PLANCK-INSTITUT FUR KERNPHYSIK

3. Measurement campaign

drive
<nin-flin

-1,000

VRF ~

QUIINIT dLalc.,

g-factor meas

0 1,000
v (B) {HZ)

795.6k 795.65k

795.7k

- no spin-flip in precision trap

urements on light ions @ UTEXx
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1. Penning trap principles ’ 2. g-factor measurements 3. Measurement campaign
“*He* campaign at
e one transition (nuclear spin I = 0)
e easy in-trap production (*He in quartz-glass)
 mass known to 13ppt; might be improved by PENTATRAP
* uncertainty of the g, theory is around 0.2 ppt
. . . . ev
* extract e mass with highest precision m, = %Ev—cmion
L
* measrement running! . = - r
gzzszo‘ﬂ N Nﬂ q ’w F ( T
nuclear £ 40 Hz
transitions - i
would be ¢ % 22500 Il L “ - L
~ 40 mHZ 7'2 7'4 sf drive frequency (lZl'?-Iz) 7‘8 +1.393e85'0
(3He?*) [M. Miiller, (2024)]
[S. Sasidharan, PRL (2023)]
IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

3He* -- trick for nuclear spin-state readout:

Breit-Rabi Diagram of 3He

100 H

-50 =

Energy/h (GHz)
o
]

—-100 -

Magnetlc field ( I ) [A. Schneider et al. , Nature 606 (2022)]
Precision trap Analysis trap
measure eigenfrequencies spin-state detection is
of the trapped ion to Radio-frequency drive enabled by the

highest precision RF-drives for nuclear spin-flip  inhomogeneous B-field
excitation are connected to the
precision and analysis trap

—> this only works because of the remaining
electron bound to the nucleus

_r_ .

. Resonator circuit Axial frequency dip
upling trap for measuring

\/‘f\\/«" j’*; :
VI No-oC TG, 4 1 sUmrec e~ @ sindle ion v },uuor measurements on light ions @ UTEXx
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1. Penning trap principles ’ 2. g-factor measurements 3. Measurement campaign
"Be3* campaign
(ms, my)
* many transitions 7 /o 112 N
(nuclear spin I = 3/2) 7 50 e
p - ©] (+1/2, +3/2) ——m——
extract: 5 ]
. . & 50 1 172 43/2) s 600 Gz
. AE.HF.S zero-field hyperfine- ] SRt s v ST
splitting /2. -3/2)
®* mass
Vi (geltp, 91 Un, AEyrs; B)
h
Hp = 5 = =9 10724)/T
e
h
= 5= =5 1077)/T
(4
[S. Dickopf, (2024)]
IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX




MAX-PLANCK-INSTITUT FUR KERNPHYSIK >\
-l «© I

S\
1. Penning trap principles ‘ 2. g-factor measurements 3. Measurement campaign
"Be3* campaign
(ms, my)
* many transitions 7 iz 79 -
(nuclear spinI = 3/2) 5 PN
extract: I
. . G 50 + 172, +3/2) —— vy A 6.622 GHz
* AEyfs zero-field hyperfine- | el B T ST
splitting 1/2.-3/2)
* mass B(T) Vi (Gelts, 91 Un» AEyrs; B)

g, shielded nuclear
magnetic moment

. . . . Orbiting electrons reduce the magnetic moment
e test diamagnetic shielding

by comparing °Be3* and °Be* p g~ 9= 91(1—o0)
[N. Shiga et al., Phys. Rev. A 84, 012510 (2011)] / e
* Test of HFS by specific 2,

difference (canceling nuclear
structure effects):

AVyps = VHFS,1+ — SVHFS3+
[S. Dickopf, (2024)]

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX
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1. Penning trap principles 2. g-factor measurements ‘ 3. Measurement campaign
Future: direct determination of nuclear spin-flips
how to resolve Av, ; for nuclear spin-flips?
1. eliminate noise sources (like voltage fluctuations)
2. cool the ion to low motional ampitudes
1 [q
v, =— [—2VpC
3 O-Vz 1 O-VR
- - -
g V, 2 VR
472100 472300 472500
frequency (Hz)

Av,;(*H*) =~ 100mHz -> 80nV/V, to detect a spin flip with a fidelity of 80%
Av,; (PHe?) ~ 25mHz - 20nV/V,

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx
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1. Penning trap principles ’ 2. g-factor measurements ‘ 3. Josephson voltage standards

E2P1B

collaboration with

microwave radiation a fMW PTB and PENTATRAP

|,
|
Vou

—I-)- Coppe_[_ ........ .
palr ¢ ®; tunneling

I~
Y

O superconductor
E normal conductor

Use most stable voltage source —a JVS

Voltage

fMW = 69-75 GHz
n= 41
M = 103 junctions in series

Current

[DOI: 10.5772/17031]

DPG, A. Kaiser g-factor measurements on light ions @ UTEx
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1. Penning trap principles ’ 2. g-factor measurements 3. Josephson voltage standards
measured on nanovoltmeter this was done for an extremely

measured on trapped ion via v, o /Vx cold ion (T = 2.2 K)!

200 i
> .
N~ hot ion
>
-t 150
50 1 ; i OR A3+

< - Penning-trap measure with “Be

.
E < 100 _

= ’-
® /

7/
> y
e .
= 50 /
o]
= iy, 4
3 7
()
o]0]
© 0 ™
=+ - NN
6 StaReP UMi1-14 s 9 -
> (LT21000) T
voltage solNce 10° 10" 10°
T (min
most stable (min)
[https://www.stahl-electronics.com/devices] VOItage source
[https://doi.org/10.1016/j.nima.2016.05.044]
[A. Kaiser, submitted (2024)]
IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX
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o . noise source UMI-14 (ppb) |PIVS (ppb)
LI m Itat 1ons trap anharmonicity 28(8) 28(8)
voltage fluctuations
(€)) Signal on ring electrode 16.6(2.2) 2222
readout jitter and
T § 3 thermal radius distribution 10.52.0) 10.52.0)
measured shot-to-shot noise 37.9(7) 31.8(6)
N

also relevant: cyclotron energy

potential ® = V(1 + C,z% + Cuz* + ...)

IMPRS-Seminar, 17.04.2024

250
v, = Lov,ec, 200 -
27‘[ m -
& 150 -
Q
S 100 -

50 -

g-factor measurements on light ions @ UTEXx

TR —TRopt (107°U)
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1. Penning trap principles I 2. g-factor measurements ‘ 3. Josephson voltage standards
nuclear spin-flip measurements with the JVS:
200 | s
® @ 85% SF fidelity
S _ 150 1
2 =)
T =
E N
a < 100 -
S %
£ 2
@ < ° limit UM1-14
50 °
. o limit PJVS
° o o ¢
0 1 1 1 1 1 1 1 1 1
0,./v; (ppb) 'H 2H 3H 3He °Li Li %Be °B !B
v’ observe spin-flips (of light ions)
v’ able to measure v, X gv,
IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX
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1. Penning trap principles ’ 2. g-factor measurements ‘ 3. Measurement campaign

Future: direct determination of nuclear spin-flips

how to resolve Av, ; for nuclear spin-flips?

1. eliminate noise sources (like voltage fluctuations)
2. cool the ion to low motional ampitudes

super rmmhunv.:; nodified

.f[]

S ="‘*-\ cyclotron
7N B—BO+BZZ )
) B, AE4(T})
' - AVZ,SF anmv (g.uB/NI ) 4m2my, ( By ) “-'"-':
W{ '
B
axial , magnetron
- cyclotron quantum jumps mimick spin-flips
— sympathetic laser cooling S Typical values:

—-15 -10 =5 0 5 10 15

e v v, = 30 MHz
N\f v, = 500 kHz
T

T
e ||| g sl [S. Dickopf, (2024)]

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx
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1. Penning trap principles ‘ 2. g-factor measurements 3. Measurement campaign

sympathetic laser cooling Be ions being laser cooled in a
Penning Trap

- use °Be* cloud (easy to laser cool)
cool ion of interest via Coulomb coupling
[thesis S. Dickopf, 2024]

“Be* ion of
Stei) clouc/l 6.45 mm iiltercst
-15 ~10 -5 | 0 1 s 10 15
0 - 1 1 1 1 1 —
S
s
JV-Laser -
4 mm
I LN )
T Resonator T
Compensation connection Compensation
electrode electrode

[S. Dickopf, (2024)]



1. Penning trap principles ’ 2. g-factor measurements ‘

sympathetic laser cooling

use °Be* cloud (easy to laser cool)

cool ion of interest via Coulomb coupling
[thesis S. Dickopf, 2024]

*Be*

ion of
i) cloug 6.45 mm I;Iterest
-15 -10 -5 0 5 10 15
0 _I 1 L L L J
S8
=
_2 -
UV-Laser

A= 31|3nm

-----
e
aaaaa

Resonator .
Compensation connection Compensation
electrode electrode

- what is next? testing new coupling traps, fluorescence
detection, sympathetic cooling of ion of interest

IMPRS-Seminar, 17.04.2024

g-factor measurements on light ions @ uTEx
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“He* and °Be3* difficulties with nuclear spin-flip observations
- extract most precise electron mass use magnetic bottle to get spin-
£ state dependent frequency:
- I 40 A B, [+ AEx
o - AV =
PRI PR . Hz z,SF 2772 mv, 9UB/N 2 BO
- probe diamagnetic shielding
_ . oo . o. 1 O-V O-V _
test HFS via specific difference N % — 5V_R 5 YR 9.10"8
Avyrs = VHFs1+ — $VHFS3+ ’ . Vr
use most stable voltage source for V;: sympathetic laser cooling
Josephson voltage standard with Be
- more to come, stay tuned ©
js Penning-trap measurement with °Be3* 200 - ° re50|ve Spin-flips Of
\ = UM1-14

\ - 1 lightions with . ¥ s
achieved stability

100 A

Av; se/v; (ppb)

limit UM1-14
50 &
a ¢ limit PJVS
T T .
0 1 2 [ ] [ ] °
10 10 10 0 T T T T T T T T T T Resonator T i
T (min) 4 24 3H 3He 6L 7Li 9Be og 1lig Compensation connection Compensation
electrode lectrode

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEX
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typical g-factor resonance (3He):

Direct measurement of the *He* magnetic
moments

https://doi.org/10.1038/s41586-022-047617  A. Schneider'™, B. Sikora', S. Dickopf', M. Miiller!, N. S. Oreshkina', A. Rischka', I. A. Valuev',
S. Ulmer?, ). Walz*#, Z. Harman', C. H. Keitel', A. Mooser' & K. Blaum'

Received: 1March 2021
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Josephson Array as programmable voltage reference

o — 1st Step/JJ & L
=Y | — =
= - =
> SNS e — ([
SINIS = gl
Current =

1.3

il
$111 110

~ 70000 JJ @ 70 GHz

OrOT—0 ©

i

11

fe (V1|20 40 8V, .
>-2=20200050000000- - - -

Taken from talk by Luis Palafox (PTB) @ MPIK 2020

IMPRS-Seminar, 17.04.2024 g-factor measurements on light ions @ UTEx




