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My path in science so far
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» Studied physics in Bonn (1996-2001)
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» Diploma thesis at Univ. Fribourg with Antoine
Weis ,Measurement of the forbidden tensor
polarizability in 133Cs"

» PhD in Hamburg (with K. Sengstock,
2002-2006)
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» Fermi-Bose mixtures in 3D optical
lattices (with Silke Ospelkaus)
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My path in science so far Fm

» Postdoc in Boulder (with D.J. Wineland, 2007-2010)

» Trapped ions, quantum information processing

Integrated Coupled X-junction

microwave gate harmonic oscillators trap array
\ J
Y
Microtraps

» 2010: Assistant professor (tenure track, Stanford)

» 2010: Professor for experimental quantum optics (Hannover/PTB)




Trapped ions in a nutshell B
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Harmonic
Oscillator

Interaction

“We never experiment with just one
atom or molecule. In thought-experiments we sometimes assume

that we do; this invariably entails ridiculous consequences. ”
Erwin Schrodinger, 1952
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THE PENNING TRAP
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Penning traps and lasers? Pm

» Laser cooling, state manipulation and detection are key tools in
AMO physics experiments

» Photons carry momentum and spontaneous emission provides
irreversibility

» First demonstrations of laser cooling
» Boulder (Penning trap), Heidelberg (Paul trap), 1978
» Ground state cooling
» Boulder (1989)
» Key enabling step for qubits and clocks!

» Little use of laser cooling in Penning traps since (compared to

Paul traps)!
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Testing CPT symmetry Pm

Symmetries Symmetries and
the Standard Model

R
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mostly symmetrized C PT‘/

(Lorentz invariant,

symmetric local QFT with Hermitian

Hamiltonian)

——

Beyond the Standard Model

CPT?

(Lorentz invariance?)




Matter — antimatter comparison

» Particles and antiparticles have:

» Same mass

» Same charge (except for sign)

» Same lifetime

» Same magnetic moment (g-factor) © =0
. qh
K=9om°



Measuring g-factors P‘lm
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It’s a double frequency measurement!

AB B
Spin precession Cyclotron motion

w,=g/2-q/m-B we.=q/m-B




Measuring motional frequencies
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[Plots for the axial movement
of an antiproton: Smorra et al.,
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Measuring the Larmor frequency
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[Plots for the axial movement
of an antiproton:
Smorra et al., EPJ-ST (2015)]
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Continuous Stern-
Gerlach effect

Measuring the spin state
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Spin state detection Pm
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Mooser et al., PRL 110, 140405 (2013)

» Tremendous success

» Tremendous effort...

(b#

» Single Doppler cooled °Be* ion at PTB, ~500 pK

» Laser cool?




Sympathetic laser cooling of p
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» Negatively charged ions (anions)
° @
» MPIK

e. g. Os
» Interaction with cation through image charges in joint electrode

» Proposal: Heinzen and Wineland, 1990

» Experimental work with atomic ions: —

Hartmut Haffner, Berkeley and Daniel pe a

Rodriguez, Univ. Granada, BASE-Mainz

» Interaction with cation through direct Coulomb coupling | © 9 "Be

» Experimental work with trapped ions: Boulder, Innsbruck

p

e. g. °Be*
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THE BASE-HANNOVER PENNING
TRAP



A hybrid quantum system P'm

"Qubit” ion provides

» Sympathetic ground state cooling ﬁ

» Quantum logic state readout Y
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Integrated
microwave gate

@ (anti-)proton

Nature 471, 196 (2011) o] UL |
Nature 476, 181 (2011) S
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postdoctoral work
(atomic ions)
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D. J. Wineland et al., J. Res. NIST 103, 259 (1998) harmonic oscillators
D. J. Heinzen and D. J. Wineland, PRA 42, 2977 (1990)



Experimental setup
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Experimental setup: Penning trap system m

» Step-by-step implementation of the required tools in a
cryogenic Penning trap system
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fluorescence

detection

Coupling trap Proton trap

Beryllium trap Precision trap Proton source



Trap stack Pm

» Step-by-step implementation of the required tools in a
cryogenic Penning trap system

A
v

196 mm E’

fluorescence
detection

Coupling trap Proton trap

Beryllium trap Precision trap Proton source



Trap stack Fm

» Step-by-step implementation of the required tools in a
cryogenic Penning trap system

A
v

196 mm §
C—
fluorescence
detection -
Pl
Coupling trap Proton trap
Beryllium trap Precision trap Proton source
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M. Niemann et al., Measurement Science and Technology 31, 035003 (2019)



Doppler cooling and detection
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Doppler cooling
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200

counts (background corrected)

-100 0 100
detuning in MHz

optimised cooling: Avp, = 35.5(10) MHz
T = 24.0(7) mK



Doppler cooling

e =) & ® Atom
3= hk —P pp = hk
(Induced

Absorption)

T = ££ ~ 500 pK (Spontaneous
kg 2 emission)
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Gold plated
OFHC electrode
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Insulator

» Need to maintain intensity

gradient over orbi

» Challeng

for low ion number

ing




Particle number reduction PTBE

potential in a.u
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After one month of technical upgrades, lab book entry: “Today the laser system
optimization has been completed. After that, | check the trap and the old ion was
still in the trap. “ 08/16/21




Ground state cooling?

Frequency width
m, = +3/2 ~20 MHZ

7'} mJ:—O-%

my = —%
197.150 GHz

3

\
V]
g
(]
3 3
~ ~ ~
1
I+
[Tl ST N[V

: e |A=139GHz|




Stimulated Raman transitions

Im; = +1/2) =|1) —5—/ -
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Stimulated Raman transitions 'Pm
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A.-G. Paschke et al., PRL 122, 123606 (2019)



Stimulated Raman transitions BSE Pm
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17.5 GHz Phys. 54, 195402 (2021)




Stimulated-Raman carrier transitions B'SE
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Motional quantum state manipulation
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Stimulated-Raman sideband transitions m
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1
Stimulated-Raman sideband spectroscopy

Resolved sideband spectrum for a
single laser cooled °Be* ion @ v, = 435 kHz
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Motional ground state cooling

" I
51/2
v n
1) nt

Unpublished

36



Motional ground state cooling
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Full guantum control!

This Is just the beginning!

(only two experiments worldwide can do this...)




A hybrid quantum system P'm

"Qubit” ion provides

» Sympathetic ground state cooling ﬁ

» Quantum logic state readout Y
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Integrated
microwave gate

@ (anti-)proton
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postdoctoral work
(atomic ions)
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Direct Coulomb coupling Pm

d/4
» BASE AT geometry: N
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w = 21 - 890 kHz 9
Be*
Tox = 76 MS

1.35 mm distance DDéD L0

» . Small" trap:
2d = 0.8 mm -
© = 21 - 4 MHz L

Tox = 3.7 MS
0,3 mm distance

Potential (V)

» Scaling:
exchange time T,,~d>
heating rate ~d*

o
o

_ Z (fem)
» Bump: 3 meV Potential shown for p / °Be* combination
because it is more challenging




Next steps

» Short-terms goals:

» adiabatic transport in the motional
ground state

» coupling of two °Be* ions

» Mid-terms goals:

» Coupling of a proton and a single
9Be* ion




Penning trap stack

Laser Coupling Sideband Precision Storing Trap
Trap Trap Trap Trap & Electron Gun




Penning trap stack
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Loading ions
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Sympathetic ground state cooling

» Motional ground state cooling

\ .
Coulomb

interaction
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Quantum logic spectroscopy
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» Quantum logic readout
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Teaser: Relation to quantum computing

Open PhD
and PD
positions

QVLS-Q1, BMBF ATIQ and
BMBF MIQRO quantum
processor projects
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