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For more details, see E. A. H. 
Physica Scripta T70, 34 (1997) 
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Our experiment uses a polar molecule – YbF 

Ø  EDM interaction energy is a million times larger (mHz) 
Ø  needs “only” nG stray B field control 

 

0

5

10

15

20

0 10 20 30

Applied field E (kV/cm)

Ef
fe

cti
ve

 fi
eld

  η
E 

(G
V/

cm
)

Amplification in YbF 

15 GV/cm 

4 



Pulsed	  YbF	  
	  beam	  

Pump	  
laser	  

Probe	  
laser	  

PMT	  

3K	  bea
m	  rf	  pulse	  

HV+	  

HV-‐	  

How it is done 
rf	  pulse	  

B	  

These “interferometer 
fringes” measure the  
spin rotation angle φ 



2011 Data: 
6194 measurements (~6 min each) at 10 kV/cm. 
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Current status 

  de = (-2.4 ± 5.7 ±  1.5) ×10-28 e.cm 

68% statistical 
systematic  - limited 

 by statistical noise 

    de < 1 × 10-27 e.cm with 90% confidence 

•        Previous result -  Tl atoms 

    de < 1.6 × 10-27 e.cm 

•        2011 result – YbF    Hudson et al. (Nature 2011) 

Regan et al. (PRL 2002) 

7 

Kara et al.  NJP 14, 103051 (2012) 

90% confidence Liu/Kelley (PRL 1992) 
89% confidence Dzuba/Flambaum (PRL 2009) 
79% confidence Nataraj et al. (PRL 2011) 



How	  we	  are	  improving	  this	  
Phase 1   Small upgrades: 3 x improvement 

   – in progress 
 
Phase 2   Cryogenic source of YbF  

    – almost ready 

Phase 3   Laser-cooled molecular fountain  
   – being developed 
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Phase 1: 

Now making a 
2×10-28 e.cm 

EDM measurement 

•  Longer interferometer 
•  Lower background 
            2.5×sensitivity 
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Phase 2 - cryogenic buffer gas source of YbF 
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YbF is by trapped in vortices inside cell 
YbF distribution in the cell (absorption images) 



SimulaFng	  flow	  in	  buffer	  gas	  cell	  
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Better cell design required, but this is what we have 



Time profile of YbF beam 

YbF beam velocity: 50 - 200 m/s 
intensity: 1-2 x 1010 /sr/pulse 

Experiment	  
(23mm	  outside	  
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Cryogenic	  beam	  spectrum	  

Ø  Rotational temperature: 4 ± 1 K 
Ø  Translational temperature: 5 ± 1 K 
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10 × more molecules/pulse 

=> 10 × better EDM signal:noise ratio 
4 × longer interaction time (slower beam) 

=> access to mid 10-29 e.cm range 



Phase 3 – laser-cooled YbF fountain 
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Learning by slowing a 600m/s CaF beam 
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The vf curve plotted in red is generated from another open cell
with a 3.8 mm gap and no mesh on the second aperture,
leading to an overall open area of its slowing cell 13 times
larger than the first cell. Boosting of the beam should be
determined by the number of He–CaH collisions after the
second aperture, which is highly dependent on the He density
in the beam. Given the smaller gap, the cell with a mesh should
have a higher He density in its slowing cell (of the order of
1014 cm!3) than the cell without a mesh. However, vf for the
cell with a mesh, as shown in blue circles, increases only
modestly by 10 m s!1 with an increased distance from the
second aperture. In contrast, a beam emitted from an aperture
without a mesh is rapidly boosted up, as indicated in red
circles. In the presence of a mesh, data shown in Fig. 4 indicate
that molecules experience less boosting and that He–CaH
collisions have frozen out within one (2nd) aperture distance.
There is a larger He density drop across the aperture with a
mesh than that without a mesh due to reduced conductance. In
addition, because the mesh grid size is much smaller than the
mean free path of He in the slowing cell, each pore on the
mesh emits He similar to a point source, resulting in a more
divergent He beam profile. Therefore, we expect the He
density in the beam from the aperture with a mesh to drop
more rapidly than that without a mesh. These two factors
result in fewer He–CaH collisions, and hence less boosting,
when the aperture is covered with a mesh.

We also study how mesh geometry a!ects the beam dynamics.
A fine mesh with a 160 mm pore size, 32% open area, and
130 mm thickness is used to replace the previously described
coarse mesh while the gap remains 2.8 mm. The extraction
e"ciency of CaH from this fine mesh is a factor of two
lower than that of the coarse mesh, corresponding to
B5 " 108 molecules per pulse. However, the forward velocity
of this beam is slower, vf = 40 m s!1, as shown in Fig. 5(a).
The velocity distribution is fitted to an e!usive distribution,
giving a translational temperature of 3.6 K. We note that there
is a significant molecular population at velocities below 30 m s!1

(translational energies below 2 K). As a comparison, Fig. 5(b)
shows the velocity distribution from the coarse mesh. The
e!usive distribution poorly fits this distribution, possibly because
this beam is slightly boosted. A Gaussian profile fl(v) is used
to fit the data, as shown in Fig. 5(b), giving a forward velocity of

vf = 62 m s!1 (translational energy of 9.5 K) and a velocity
spread of dvl = 43 m s!1.
Since the pore diameter is comparable to the thickness of

this fine mesh, the bu!er gas encounters collisions with the
pore wall while passing through the mesh. The additional
slowing from the fine mesh may be understood by the
dynamics of He flowing through ‘‘channels’’. If we consider
a channel with diameter D and length L, its transmission
probability W is given by W = I/I0A, where I0, I, and A are
the input flux, output flux, and the cross-sectional area of
the channel, respectively.28 An analytic expression of the
transmission has been derived28 and only depends on the ratio
of the diameter to the length of the channel, b = D/L. In our
experiment, the coarse mesh with a 750 mm grid size (b = 3)
and the fine mesh with a 130 mm pore size (b = 0.8) should
have transmissions of 0.75 and 0.46, respectively. In other
words, more He could be scattered back from the fine mesh
than the coarse mesh after reflections from both the pores and
physical wires of the meshes are taken into account. A fine
mesh cuts down the extraction e"ciency of molecules since
CaH would stick to the mesh when colliding with the physical
wires. However, the slow velocity distribution opens up the
possibility of direct loading of bu!er-gas beams into traps.

4 Applications

CaH was the first polar molecule to be trapped inside a
magnetic trap via the bu!er-gas loading technique.20 It has
been shown to have good collisional properties with He due to
its large rotational splitting and a favorable coupling mechanism
of 2S molecules to structureless atoms,20,29 making CaH a
good candidate for reaching ultracold temperatures via
evaporative or sympathetic cooling. However, pursuing ultra-
cold CaH molecules is impeded in traditional bu!er-gas
loading experiments because the lingering He atoms desorbing
from the cell walls thermally link molecules to their environment.
Although our molecular beam also relies on He bu!er gas,
CaH can be separated out of the bu!er gas through magnetic
filtering.18 Because of the low translational energies of the

Fig. 4 Forward velocity as a function of distance from the second

aperture. vf shown in blue (red) circles is for the cell configuration with

a 2.8 mm (3.8 mm) gap and with (without) a mesh. The dash line

indicates that the distance is equal to the size of the 2nd aperture.

Bu!er gas flow is 2 SCCM for both data sets.

Fig. 5 Forward velocity distributions of CaH emitted from (a) a fine

mesh with a pore size of 160 mm and (b) a coarse mesh with a grid size

of 750 mm (b). Both distributions are measured at 3 mm away from the

2nd aperture and at 2 SCCM flow. The solid line in (a) is a fit to an

e!usive distribution fe!(v)p (v/vp)
2e!(v/vp)2, where vp #

!!!!!!!!!!!!!!!!!!!!!!!!!
2kBT=mCaH

p

is the most probable velocity, yielding T = 3.6 $ 0.6 K. The solid line

in (b) is a fit to the Gaussian profile fl(v).
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Thermal beam source to load YbF optical molasses 

slow molecules will 
be caught in molasses  
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Doppler cooling theory Application to YbF 

3D optical 
molasses can 

capture the slow 
molecules 



3K beam 
source 

laser cooling 

1/2 sec flight time (instead of 1/2 ms) 

proposed YbF fountain for EDM 

Laser cooling  

=> 6×10-31 e.cm statistical (in 8 hrs)  

detection 
guide 

HV+	   HV-‐	  

He 

rf	  	  pulse	  

19 Tarbutt et al.  arXiv:1302.2870 



Some eEDM experiments in preparation 

WC :  3Δ1 ground state beam Leanhardt group, Michigan 

Acme collab. Harvard/Yale ThO :  3Δ1 metastable beam 

HfF+ :  3Δ1 ground state  ion trap Cornel Group JILA 

Atom experiments in preparation 
Cs in optical lattice: Weiss group, Penn State (next year?)  

Heinzen group, Texas (2 years?) 

Fr in a MOT: Tohoku/Osaka (starting 2014) 



d(muon) < 1.9×10-19 
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Current status of EDMs 

d(proton) < 5×10-24 

d(electron) < 1×10-27 

neutron: 
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YbF 
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Summary 

Atto-eV molecular spectroscopy 
tells us about TeV particle physics: 

specifically probes 
CP violation 

(how come we’re 
here?) 

22 
the electron is too round for MSSM! 

e- EDM is a direct probe of physics beyond SM 
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we see a way to reach <10-30  
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