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Trapped molecules are the best



General strategy with points of attention

• Motivation clear: new physics is out there to discover! 

• Many interesting nuclei to choose from, guided by theory 

• Huge enhancements through molecular structure 

• Recipe: 

step 1: Form molecules 

step 2: Collect many of them in one spot for some time 

step 3: Do the measurement!

Many sources that need disentangling 

A moving target - theory crucial 

Spectroscopy and quantum chemistry  

Once an approach is chosen, change takes (additional) resources 

in sufficient quantity, and be able to handle them 

they fly away: cooling and control 

push statistics and control all systematics at same level



Comparing different approaches

Bause et al, Phys. Rev. A 111, 062815 (2025)



Our approach

• Form a complete team: AMO experimentalists, quantum chemistry, particle physics theory
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Our approach

• Form a complete team: AMO experimentalists, quantum chemistry, particle physics theory 

• Find a stable supporting environment that appreciates physics impact and timescales



ALICE ATLAS eEDM LHCb

Auger VirgoKM3Net Xenon

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

Theory

Detector R&D

…using molecules and lasers
Dutch National Institute for (astro)Particle Physics



Our approach

• Form a complete team: AMO experimentalists, quantum chemistry, particle physics theory 

• Find a stable supporting environment that appreciates physics impact and timescales 

• Build up a research program that gradually works towards increased sensitivity



Phase 4
Beyond the quantum limit
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uncertainty
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systematic effects
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an all-optical 
superposition 
state creation

Slow beams push magnetic
field senstivity to the limit

Polyatomic molecules provide 
co-magnetometer states

Theory framework:
connect eEDM experiments to 
high-energy particle physics

Heavy polar molecules
give a high sensitivity

to new physics

Slow and cold beams 
provide a long 

interaction time Using entanglement
enables linear scaling 
with the number of molecules
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Status update BaF eEDM
Phase 1



Magnetic shield 
 5 mu-metal layers

 B = 10 μT

Supersonic 
beam source

  B ~ nT

E ∼ 10 kV/cm

Counter-
propagating laser 

beams

A complete  
eEDM experiment

Phase 1:





Optical Bloch equations

Ramsey interferometry 
A. Boeschoten et al., Phys. Rev. A 110, L010801 (2024) 



In one measurement: 
• Symmetric experiment 

• Reversal of field directions 
• Essential step for EDM sensitivity 

• Different velocity classes (typically 5) 
• Detuning Δ, Rabi Frequencies Ω 
• Field gradients  

• Hyperfine Detuning δ (typically 50)  
• Electric Field E, field gradients 

Gives ~200 different independent states of the 
machine, all sensitive to EDM 
Essential for limit on systematics

Ramsey interferometry 
A. Boeschoten et al., Phys. Rev. A 110, L010801 (2024) 

(𝛿 + 𝜔HFS)/2𝜋 [MHz]

Single state of 
machine

𝑃𝐹=1(𝛿,  Δ, 𝑡, 𝑇,  Ω𝑃/𝑆, 𝑒̂𝑃/𝑆, Φ𝑃/𝑆, 𝐄, 𝐁)



Statistics and Systematics 
Boeschoten et al (NL-eEDM collaboration), arXiv:2601.21781



Statistics and Systematics
Boeschoten et al (NL-eEDM collaboration), arXiv:2601.21781



Phase 2
A slow and very intense BaF molecular beam

 A
 B

 C



Cryogenic source

Laser cooling Detection

Lens

~1.8m total length

20Joost van Hofslot – Workshop on Ultracold Molecules, Warsaw 2025
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Combining hexapole lens and 2D laser cooling

J. van Hofslot et al, Comm. Physics 9, 40 (2026)
Hexapole: 

A. Touwen et al, New Journal of Physics, vol. 26, p. 073054 (2024)



Extrapolating downstream gain in molecule flux

Lens-laser cooling effect depends on:  
- State preparation 
- Lens focusing strength 
- Scattering rate  
- Interaction time 

Factor 100 gain in downstream 
molecule flux possible! 

-



Stronger Electric Field (polarisation from 0.16->0.53)



Phase 2
Improved detection:        solid angle 2% -> 20%, detector efficiency: 7% ->80%

E-field B-field

Cryosource Lens 2D laser cooling Interaction region Detection / readout

APD



Caveat: Background laser light



Caveat: Background laser light

Solution: Background-free scheme



Phase 3
Trapping polyatomic molecules

Phys. Rev. A 111, 062815 (2025) with Nick Hutzler and Arian Jadbabaie



Phase 3
BaOH production and characterisation

2.
Ba atoms get
excited to metastable
state, boosts yield by
11x1S0 → 3P1 �  3D, 1D

3. Ba reacts with H2O
to form BaOH

4.
Collisions with Ne
buffer gas cools
products

5. Expansion cools
molecular beam

1.
Laser-ablating solid
target to make
Ba atoms

Fikkers, Balasubramanian et al, New J. Phys. 28, 023202 (2026)



Chrcteristion of moleculr structure 

Suffered from frozen wter supply lines @10 K, now fixed 

Found efficient detection scheme 

Pumping from liner to bent eEDM stte

BaOH production and characterisation
Phase 3
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Phase 3
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2Δ5/2 potentially absent since
no intensity borrowing is possible.

*Preliminary analysis indicates that BaOH does not follow
"typical" A-state ordering as found in linear triatomics

X̃(000) → Ã(010), lower

Possible contamination from
X̃(010) → Ã(020)

2Δ3/2

μ2Σ1/2

κ2Σ1/2X̃(000) → Ã(010), upper



Implementing dispersed fluorescence 

to determine brnching rtios 

for optiml lser cooling scheme 

Phase 3
BaOH production and characterisation



Molecule deceleration



ND3 OH

2.5 cm-1 = 75 GHz = OH @ 60 m/s

Use Stark shift to decelerate

Deceleration, trapping, collision studies, lifetime measurements  
Demonstrated for light molecules: OH, CO, NH3, NH 

Science 313 5793 (2006), PRL 98 133001 (2007), PRL 110 133003 (2013)

SrF, BaF SrO

0.16 cm-1 = 4.8 GHz = SrF @ 6 m/s 

Challenge: extend this technique to heavier species



Main aims: 

- Capture as many molecules as possible from molecular beam 
- Bring average beam velocity from ~190 to ~10 m/s 
- Maintain N during deceleration

Traveling-wave decelerator: deliver molecules to the trap  



Traveling-wave decelerator



Molecular beam source Decelerator 
4.5 m

Fluorescence detection

Traveling-wave decelerator

Challenges for heavy diatomic molecules: 

- Heavy -> long decelerator 
- Rotational structure -> limited Stark shift



Modular traveling-wave 
decelerator



Molecule deceleration
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> 20 clouds of trapped SrF molecules

fast molecules, arrive earlier
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Traveling traps keep molecules together 

SrF decelerated, brought to standstill 

Aggarwal et al, PRL 127, 173201 (2021) 



Molecule deceleration
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our ‘bucket brigade’



Molecule deceleration
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> 20 clouds of trapped SrF molecules

fast molecules, arrive earlier
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Traveling traps keep molecules together 

SrF brought to standstill 

BaF, BaOH work in progress 
had to upgrade electronics

@20K



Lucas van Sloten, Leo Huisman, Steven Hoekstra, arXiv:2602.10681



Phase 3
Trapping polyatomic molecules
Optical traps and how to get molecules in them



Phase 3
Trapping polyatomic molecules
Single-photon loading idea



Conclusions
Completed proof-of-principle eEDM measurements (phase 1) 

Upgrading to reach ~10-30 e.cm sensitivity (phase 2) 

Good progress towards optically trapped molecules (phase 3) 



Great workshop to learn new things, share our expertise, and make new friends!


