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This talk:

- Testing the Standard Model

- Using cold molecules

- Experimental techniques

- Status

- Open questions
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Testing the Standard Model

Expansion of the universe? Where is the anti-matter? Dark matter? Origin of mass?

Unsolved mysteries

Can we explain the values of the physical constants, and are they constant at all?

Direct observation of new 
particles at TeV scale

LHC @ CERN

Precision measurements on the 
molecular scaleComplementary:

Constraining parameter space for SM extensions

Ca atom trapping @ Groningen

C,P,T
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Example 1: Parity violation
Cs experiment
Measurement of Parity Nonconservation and an Anapole Moment 
in Cesium
C Wood, S Bennett, D Cho, B Masterson, J Roberts, C Tanner, and 
C Wieman. 
Science, 1997 vol. 275 (5307) p. 1759.

First observation of anapole moment.

Need atomic structure calculation to get the amount of Stark mixing 
and the relevant PNC electronic matrix elements. 1997 result:

which is 2.5 sigma from SM prediction...

Qw = −72.06(28)expt(34)theor
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Example 1: Parity violation
Cs experiment
Measurement of Parity Nonconservation and an Anapole Moment 
in Cesium
C Wood, S Bennett, D Cho, B Masterson, J Roberts, C Tanner, and 
C Wieman. 
Science, 1997 vol. 275 (5307) p. 1759.

First observation of anapole moment.

Need atomic structure calculation to get the amount of Stark mixing 
and the relevant PNC electronic matrix elements. 1997 result:

which is 2.5 sigma from SM prediction...

Cs theory
Precision Determination of Electroweak Coupling from Atomic 
Parity Violation and Implications for Particle Physics.

S G Porsev, K Beloy, and A Derevianko.

Phys Rev Lett, 2009 vol. 102 (18) p. 181601.

Qw = −73.16(29)expt(20)theor

Qw = −72.06(28)expt(34)theor
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next generation cold molecule experiments

current molecule experiments

current experimental limit (2002)
using atoms

An electron-EDM would violate 
time-inversion symmetry: the 

standard model essentially rules 
out an e-EDM.

Many models beyond the 
standard model allow for a 

higher e-EDM: these models are 
tested in e-EDM experiments.

So finding a non-zero e-EDM is 
direct proof of physics beyond 

the standard model.

Cold molecules are nowadays 
the most promising for
e-EDM experiments

Example 2: The dipole moment of the electron
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electron-EDM
Measured using a molecular beam: enhancement due to 
internal electric field

Molecules oriented using dipole moment, measure 
electron spin precession

By flipping external magnetic field and electric field an 
electron-EDM is probed

J. J. Hudson, D. M. Kara, I. J. Smallman, B. E. Sauer, M. R. Tarbutt, and E. A. Hinds, Nature 473, 493 (2011).

|de| < 10.5× 10−28e cm
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Example 3: Time-variation of constants

0.75 cm-1 
= 22.6 GHz 68o 90o 112 o

umbrella  angle

symmetric

antisymmetric
2023  cm-­1

inversion
splitting
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Example 3: Time-variation of constants

nozzle

skimmer

decelerator

quadrupole

quadrupole

buncher

UV  laser

ion  detector

microwave
cavity

0.75 cm-1 
= 22.6 GHz

The inversion splitting frequency is extremely sensitive to the proton 
mass, and can therefore be used to probe a change of mp/me

In an experiment in Amsterdam, a molecular fountain for decelerated 
molecules is being set up for this purpose.

Bethlem et al, The European Physical Journal 163, 55 (2008)

68o 90o 112 o

umbrella  angle

symmetric

antisymmetric
2023  cm-­1

inversion
splitting
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Precision measurements
using molecules

• Molecules are interesting for precision measurements, because:

• coexisting frequency domains probe different interactions, and offer 
(almost) degenerate states 

• polar molecules are very sensitive to electric fields

• Cold Molecules  promise increased sensitivity and precision:

• at low temperatures, fewer states are populated

• low velocity -> reduced doppler shifts

• precision of measurements limited by interaction time: slow beams 

• Trapped cold molecules offer additional advantages:

• even longer coherence times

• molecules confined spatially: easier to control environment stability

Precision reached with atoms is (still) better, but 
enhancement effects in molecules can compensate
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Ultracold offers higher precision:

Measurement sensitivity: ∝
√
Nτ
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The idea to use molecules is not new....
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... but the experimental control to make them cold is!
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... but the experimental control to make them cold is!

Carr, Demille, Krems, Ye: special issue on cold molecules, New Journal of Physics 11 055049 (2009)
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... but the experimental control to make them cold is!

Carr, Demille, Krems, Ye: special issue on cold molecules, New Journal of Physics 11 055049 (2009)

DirectIndirect

The ultimate precision experiment is performed on a sample of 
ultracold, trapped molecules, prepared in a single quantum state.
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Goal: use cold trapped gasses of these molecules as 
extremely sensitive antenna's for new physics
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Measure parity-violating coupling in SrF:

Stability needed: ~ 1 kHz
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Theory input: P,T violating physics within 
- and outside of - the Standard Model

- Selection of best candidate atoms & molecules
- Translate observable to Standard Model parameter
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Theory input: P,T violating physics within 
- and outside of - the Standard Model

Testing the Standard Model of particle physics:
Electroweak interaction (Flambaum, Kozlov, Derevianko, DeMille)

- Anapole moment (nucleon-nucleon)
- Weak charge (quark-electron)
- Spin-dependent weak interaction (quark-electron)

- Selection of best candidate atoms & molecules
- Translate observable to Standard Model parameter
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Theory input: P,T violating physics within 
- and outside of - the Standard Model

Looking beyond the Standard Model:
Coupling of Z0 to a dark Zd boson? (Marciano)

- Parity violation experiments might provide[1] ‘a window to the dark side’

Existence of an electron-EDM?
- Current best measurement of the shape of the electron
  provided[2] by a measurement using YbF
- Additional sources of CP violation are needed to 
  explain antimatter

  [1]	

H. Davoudiasl, H.-S. Lee, and W. J. Marciano, Phys Rev D 85, 115019 (2012).

  [2]	

J. J. Hudson, D. M. Kara, I. J. Smallman, B. E. Sauer, M. R. Tarbutt, and E. A. Hinds, Nature 473, 493 (2011).
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So what molecules are good candidates?
Open shell, enhancements for heavy nucleus
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  [1]	

P. J. Dagdigian, H. Cruse, and R. Zare, J. Chem. Phys. 60, 2330 (1974).

Text

Electronic structure
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  [1]	

P. J. Dagdigian, H. Cruse, and R. Zare, J. Chem. Phys. 60, 2330 (1974).

Text

663 nm

Electronic structure
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  [1]	

P. J. Dagdigian, H. Cruse, and R. Zare, J. Chem. Phys. 60, 2330 (1974).

YO

Text

  [2]	

S. R. Langhoff and C. W. Bauschlicher, J. Chem. Phys. 89, 2160 (1988).

663 nm
M. T. Hummon, M. Yeo, B. K.
Stuhl, A. L. Collopy, Y. Xia, and J. Ye, 
arXiv:1209.4069 (2012).

Electronic structure
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-Electronic lifetimes ~ 25 ns
-large scattering rate possible

-Large Franck-Condon overlap
-vibrationally almost closed: potential for cycling transitions

-Electronic transitions in the visible
-diode and dye lasers

Properties:
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-Paramagnetic
-can be manipulated using magnetic fields and trapped

-Alternating parity in rotational structure
-rotationally closed transition possible
-long-lived opposite parity levels nearby

-Rotational constants ~0.25 cm-1

-rotational states can even be tuned to degeneracy

-Strongly polar ~ 3-5 Debye
-long range anisotropic interaction
-huge internal fields
-can be manipulated using electric fields

- Beams can be made
     -laser ablation

-Electronic lifetimes ~ 25 ns
-large scattering rate possible

-Large Franck-Condon overlap
-vibrationally almost closed: potential for cycling transitions

-Electronic transitions in the visible
-diode and dye lasers

Properties:
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All very good properties!
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But these molecules can not be formed from lasercooled atoms...

All very good properties!
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Carr, Demille, Krems, Ye: special issue on cold molecules, New Journal of Physics 11 055049 (2009)

DirectIndirect

But these molecules can not be formed from lasercooled atoms...

All very good properties!
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Stark deceleration
Overview of technique, what has been achieved

FHI Berlin
Meijer / Haak / vd Meerakker
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Interaction of polar 
molecules with electric fields

Upot = WStark

WStark = −−→µ · E−→
F Stark = −−→∇WStark

The electric field mixes close-lying states of 
opposite parity.

Typical Stark shifts: 1 cm-1 per 100 kV/cm
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Stark decelerator:

Electrostatic trapping of NH molecules

S. Hoekstra, M. Metsälä, P. Zieger, L. Scharfenberg, J. Gilijamse, G. 
Meijer, and S. van de Meerakker, Phys. Rev. A 76, 063408 (2007).

NH(a1∆)
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Molecules in low-field seeking states gain Stark energy at the expense of kinetic energy

Stark decelerator: principle of operation
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Molecules in low-field seeking states gain Stark energy at the expense of kinetic energy

Stark decelerator: principle of operation

Final velocity of the beam depends on the settings of the decelerator
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1.31
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pulsed  valve

hexapole

skimmer

Stark  decelerator

LIF  zone

PMT

photodissociation
laser  

detection  laser

trap

Stark decelerator: schematic overview

Electric fields: 40 kV / 4 mm
Switched on/off in <1 µs

Number of deceleration stages: ~100

First time demonstrated in 1999:
H. L. Bethlem, G. Berden, and G. Meijer, 
Phys Rev Lett 83, 1558 (1999).

 

21



Example measurements:
deceleration of OH molecules
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Example measurements:
deceleration of OH molecules
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Snap-shots of the distribution of OH in (longitudinal) phase space

Simulation
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Snap-shots of the distribution of OH in (longitudinal) phase space
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Velocity tunable packets of molecules

experimental time-of-
flight profiles:
OH molecules

Tunable velocity range: 
25-650 m/s

Completely state-
selected packets

Ideal starting point for 
collision experiments

J. J. Gilijamse, S. Hoekstra, S. Y. T. van de Meerakker, G. C. Groenenboom, and G. Meijer, Science 313, 1617 (2006).
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Example measurements:
electric trapping up to a few seconds
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Example measurements:
electric trapping up to a few seconds

Temperature ~ 10 mK

Optical pumping of trapped neutral molecules by blackbody radiation.
Steven Hoekstra, Joop J Gilijamse, Boris Sartakov, Nicolas Vanhaecke, Ludwig Scharfenberg, Sebastiaan Y T van de Meerakker, and Gerard Meijer.
Phys Rev Lett, 2007 vol. 98 (13) p. 133001.
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so.... just do it!

26



en
er

gy
 (c

m
-1

)

7.5

8.0

8.5

9.0

9.5

electric field strength (V/m)
0 2 4 6 8 10!106

en
er

gy
 (c

m
-1

)

!1.0

!0.5

0

0.5

1.0

1.5

electric field strength (V/m)
0 2 4 6 8 10"106

en
er

gy
 (c

m
-1

)

0

0.5

1.0

1.5

2.0

2.5

electric field strength (V/m)
0 2 4 6 8 10!106

en
er

gy
 (c

m
-1

)

0.5

1.0

1.5

2.0

2.5

3.0

electric field strength (V/m)
0 2 4 6 8 10!106

ND3 OH SrF
3.5 Debye

SrO2Σ2Π3/2

Challenge 1: Stark curves

Limited force, because only low fields can be used.

At higher fields, the trajectories in the decelerator become unstable.

1Σ
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Challenge 1: Stark curves

Limited force, because only low fields can be used.

At higher fields, the trajectories in the decelerator become unstable.

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

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

1Σ
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L. Scharfenberg, H. Haak, G. Meijer, and S. Y. T. van de Meerakker, PRA 79, 023410 (2009)

Where traditional 
decelerators fail: 
coupling of longitudinal and 
transverse motion

SrF, due to its mass and Stark 
curves, needs a long 
decelerator :-(

Challenge 2: Instabilities
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Solution: Ring deceleration (travellling wave )

Oscillating voltage on rings creates a moving potential well -> co-moving traps
Stable -> now it is possible (if needed) to build a long decelerator
Molecules stay in low electric field region

Vn(t) = V0Cos(2πft+ 2πn/8)Distribute the voltage over 8 rings:

[2]	

N. E. Bulleid, R. J. Hendricks, E. A. Hinds, S. A. Meek, G. Meijer, A. Osterwalder, and M. R. Tarbutt, Phys. Rev. A 86, 21404 (2012).
YbF (2,0) decelerated from 300 m/s to 276 m/s, using 0.5 meter decelerator

[1]	

A. Osterwalder, S. A. Meek, G. Hammer, H. Haak, and G. Meijer, Phys. Rev. A 81, 051401 (2010).
metastable CO decelerated from 288 m/s to 144 m/s, using 0.5 meter decelerator

mm kV/cm
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Ring-decelerator: stability

J. E. Berg, S. H. Turkesteen, E. B. Prinsen, and S. Hoekstra, Eur. Phys. J. D 66, 235 (2012).
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stark deceleration + laser cooling + optical trapping
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Lasercooling of molecules
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Lasercooling of molecules

Dave DeMille (SrF), Jun Ye (YO)

[2]	

E. S. Shuman, J. Barry, and D. Demille, Nature 467, 820 (2010).

[1]	

E. S. Shuman, J. Barry, D. R. Glenn, and D. Demille, Phys Rev Lett 103, 223001 (2009).

[3]	

J. F. Barry, E. S. Shuman, E. B. Norrgard, and D. DeMille, Phys Rev Lett 108, 103002 (2012).

[4]	

M. T. Hummon, M. Yeo, B. K. Stuhl, A. L. Collopy, Y. Xia, and J. Ye, arXiv:1209.4069 (2012).

- perhaps possible but still very challenging -

vibrationally closed Rotational and hyperfine

By pre-cooling the molecules, nphotons required is reduced (by factor 20) to 3,000
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From theory to experiment...
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8x42 = 336 rings
4mm ∅
made from 0.6 mm wire
0.9 mm ring-ring distance

length: 0.5 m
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Status in 
the lab:
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First thing we have done:
Put on top of NH3 fountain!

Joint project with Rick Bethlem, A’dam
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First thing we have done:
Put on top of NH3 fountain!

Joint project with Rick Bethlem, A’dam

- We have trapped NH3 inside the ring decelerator
- Novel phase-space manipulation
- Crucial step towards molecular fountain
- arXiv:1301.2113 (2013)
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Then we built 
another one...
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Computer render
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Computer render
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• SrF: relatively heavy molecule with small stark shift

• 10 modules, total 5 meter long (4 modules ready)

• 3360 ring electrodes

• Ring diameter 4 mm, 0.6 mm tantalum wire

• 0.9 mm distance between electrodes

• 5 kV voltage sweeps 30 kHz to DC

• currently building!
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• SrF: relatively heavy molecule with small stark shift

• 10 modules, total 5 meter long (4 modules ready)

• 3360 ring electrodes

• Ring diameter 4 mm, 0.6 mm tantalum wire

• 0.9 mm distance between electrodes

• 5 kV voltage sweeps 30 kHz to DC

• currently building!

General tool to decelerate and trap a new class of molecules
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Status of the experiment
- Molecular beam operational
- 4 modules of 0.5 m each ready
- Alignment procedure developed & tested
- Electronics challenge solved, installed jan 2013
- Detection (and cooling) lasers setup, tested
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Recent test measurements:

SrF A2Π(v = 0) ← X2Σ(v = 0)
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Conclusions & outlook:
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Conclusions & outlook:

-Selected molecules are ideal probes for ‘new physics’

-Have to develop direct cooling methods. Our approach:
   Stark deceleration + laser cooling + optical trapping

-Looking forward to deceleration & trapping of SrF in 2013!

-Deceleration of a range of new molecules is possible
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Conclusions & outlook:

-Selected molecules are ideal probes for ‘new physics’

-Have to develop direct cooling methods. Our approach:
   Stark deceleration + laser cooling + optical trapping

-Looking forward to deceleration & trapping of SrF in 2013!

-Deceleration of a range of new molecules is possible

At what temperature and density will we be influenced by 
the interactions between the molecules?

How to achieve ‘magic’ conditions ?

Stability needed: ~ 1 kHz

Open questions / issues 
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