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‘ Motivation: Quantum control of single trapped molecules ‘

‘ Precision spectroscopy ‘ ‘Molecular clocks‘ ‘Molecular qubits‘
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State- and energy controlled ‘ Tests of fundamental physics
chemical reactions
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Coulomb crystallisation of cold ions in traps

Fluorescence images of Coulomb crystals of laser-cooled Ca* ions in an ion trap

& Properties of Coulomb-crystallised ions:

* Translationally cold (LK-mK)

e Long trapping times (> hrs)

 Extremely well controlled experimental environment
 Observe, address and manipulate single particles
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‘ Connecting two worlds: ion traps and molecular beams

N2* IR spectrosc.
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& Symmetric homonuclear molecule: F
X 223 27
. J=5/2
* No permanent dipole moment @ oz
° ° N=2——

e E1-forbidden rotational- 112

3/2

vibrational transitions: narrow V=1 J=3/2 o
E2- and M1-allowed spectral

. N=0 J=1/2 5/2

lines - 32

e Very small systematic shifts on
Q@O)| 1S(0)

rotational and vibrational 05201 19054 o

spectroscopic transitions /2 < gg

1/2

* No redistribution of state i 700 MRz o

populations due to black-body 0 oi56 Jwé ;é
radiation

N=0 =172 256 MHz 55

 Two nuclear spin isomers in
. . Rovibrational Fine structure Hyperfine
the rotational ground state with structure =0 structure
I=0 and 2
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A new approach to state detection and spectroscopy for
single molecules: QND state readout using coherent motional
excitation (CME) on a single molecular ion

(» Advantages: « Improvement of duty cycle by up to 5 orders of magnitude
« Removal of ensemble averaging

& Inspired by previous work on atomic ions by
D. Hume et al., Phys. Rev. Lett. 107 (2011), 243902

( See related work by:

* F. Wolf et al., Nature 530 (2016), 457
e C.-w. Chou et al., Nature 545 (2017), 203

e E. Clausen et al., arXiv 2005.00529
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‘ State-dependent coherent motional excitation ‘

(o Step 1: Preparation of a Ca* - N2* two-ion string

+ 1,

trap
>

() Step 2: Sympathetic cooling of the molecule fosice
to the QM ground state of the trap

() Step 3: Application of an 1D optical lattice near-
resonant with a spectroscopic transition in the
molecule to generate an optical dipole force

() Step 4: Modulation of the optical lattice at
the frequency of vibration of the ions in X125 (0 =0) =@
the trap to excite their motion wid K :+ :V ! o

(> Step 5: Detection of the motional
excitation of the ions by sideband Rabi
thermometry on Ca*
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Readout of CME using Rabi flops on
a Ca* 2S4/2 « 2Ds2 sideband transition
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State-detection fidelity
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‘ Force spectroscopy on a single trapped molecule

@ Mapping out the AC Stark shift around the R11(J=1/2) transition in X (v=0) -> A (v=2)
band of N2*:

| © Measurement of electronic transition:

< 80 f =380.7011(2) THz
S o0 f = 380.7007(3) THz (literature)
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Precision spectroscopy using a network for the distribution
of the Swiss primary frequency standard

@ The Swiss primary frequency and time standard: © Current extent of network:
contlnuous Cs fountaln FoCS-2 at METAS (Berne)

. ‘\
f ' *

L. * Frequency uncertainty:
ey 1 2x10-15
L=sEs & | |E e+ Contributor to TAI

- —'V;ii/‘-p"?

Image © METAS

Uni Basel (coord.) ETH Zurich SWITCH
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Stefan Willitsch Frédéric Merkt Jérome Faist Jacques Morel Ernst Heiri Fabian Mauchle
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@ Optical layout of the frequency transfer
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@ Using a dark channel on the SWITCH optical-
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& Phase-noise cancellation (PNC) of

the transferred signal at 1572 nm
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 Stabilisation of the 729 nm master laser at Basel to the METAS standard
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Summary and conclusions

« A new method for the non-destructive detection of
molecular quantum states

< Quantum non-demolition and therefore highly sensitive

< A new approach to molecular-ion spectroscopy

< Applications in precision spectroscopy, state-to-state
chemistry and quantum technologies
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