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Motivation: reach beyond the current limits of observation

source: Quanta Magazine, 2015
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Molecules can be extremely sensitive quantum sensors for fundamental physics!

Molecular



Molecules vs atoms
Extra complexity brings experimental challenges and new possibilities

Close-lying opposite parity levels: study parity violation 
(also chirality)

Heavy polar molecules: hugely enhanced electron-EDM sensitivity

Tunneling in molecular motion: extremely sensitive to value of constants
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The electron’s Electric Dipole Moment (eEDM)
probing CP violation beyond the standard model

fig: Nature 553, 144 (2018)
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A history of measurements with steady progress



A history of measurements with steady progress

last decade 
with molecules 
even steeper!
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effectively a background-free method to probe new phyiscs

~10.1-1

The ThO result limits time-reversal-symmetry-violating new physics to energy scales above Λ≈ 30 TeV  or Λ≈ 3 TeV,  for n=2 or 1, respectively
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How to measure a dipole moment?

E

+−

precession! 

BE

+−

However, electron also has  
magnetic dipole moment  

(and charge!)

Solution: 
use electron embedded  

in a polar molecule! 
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Increasing the eEDM sensitivity
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Creates a quantum superposition,

creating coherent excitation of all 

molecules

laser pulse 1:

Frequency set by external reference,

tuned to molecular resonance

Laser

Resonance in 
molecules

Measures state of the molecules 
through interference

laser pulse 2:

Time T

Coherent interaction time
Key technique: Ramsey spin interferometer
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eEDM experiments using molecules

ACME - beam of ThO molecules 
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JILA - trapped HfF+ ions 
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ALICE ATLAS eEDM LHCb

Auger VirgoKM3Net Xenon

NL-eEDM: A Nikhef research programme started in 2017…

Theory

Detector R&D

…using slow BaF molecules and lasers!
Dutch National Institute for (astro)Particle Physics
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Pulsed

molecular

beam

spin interferometer

to probe eEDMdeceleration & 

laser cooling

Cold molecules offer longer coherent interaction times

The NL-eEDM collaboration, Measuring the electric dipole moment of the electron in BaF, European Phys J D 72, 197 (2018).



decelerator

slow beam

o =10-30 ms

molecular
beam source

fast beam
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Interference data using fast molecular beam
to demonstrate control over systematic effects

Create molecular beam Quantum interference Readout by fluorescence Compare to theory that includes the 
full interaction of the molecule with 
light, electric and magnetic fields


(optical Bloch equations)

Beautiful quantum interference!


Contains all relevant experimental parameters

Crucial for reduction of systematic effects


(A.Boeschoten et al, NL-eEDM collaboration, in prep.)
NL-eEDM



10−25 10−26 10−27 10−28 10−29 10−30 10−31 10−32 10−33 10−34 10−38 10−39

electron-EDM |de | (e cm)

ThO
(2014)

YbF
(2011)

Tl
(2002)

ThO
(2018)

HfF+

(2017)

BaF phase 2 
BaF phase 1 

BaF phase 3

The
Standard

Model

two-loop models
(n=2)

1 TeV 10 TeV

10 TeV

one-loop models
(n=1)

200 TeV

… and a corresponding increase in eEDM sensitivity!

(BaF limits are 
projected 
sensitivity)



The choice of molecule

Polyatomic molecules

Proposal:


Isaev, T. A., Hoekstra, S. & Berger, R. Laser-cooled RaF as 
a promising candidate to measure molecular parity 
violation, Phys Rev A 82, 052521 (2010).

Proposal:


Kozyryev, I. & Hutzler, N. R. Precision Measurement of Time-
Reversal Symmetry Violation with Laser-Cooled Polyatomic 
Molecules, Physical Review Letters 119, 133002 (2017).

Molecules containing 
radioactive elements

Exciting developments - some examples
Measured at the ISOLDE ion-beam facility at CERN!



Advanced cooling techniques
Direct laser cooling - now extending to heavier and more complex species

Towards laser cooling 
of molecular anions - 
for antimatter physics

Journal of Physics B: Atomic, Molecular and Optical Physics, Volume 52, Number 22

https://iopscience.iop.org/journal/0953-4075
https://iopscience.iop.org/volume/0953-4075/52
https://iopscience.iop.org/issue/0953-4075/52/22


Advanced cooling techniques

Deceleration and trapping of heavy diatomic molecules 

A molecular fountain

Exciting developments - some examples



Outlook: beyond Ramsey interferometry

Science 352, 1552–1555 (2016)

Make use of entanglement and squeezing techniques
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NL-eEDM: Teamwork!

Scientific staff:
Anastasia Borschevsky 

Rick Bethlem 
Steven Hoekstra 
Klaus Jungmann 

Rob Timmermans 
Wim Ubachs 

Jordy de Vries 
Lorenz Willmann




