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1.  Brief motivation 
2.  Atomic EDMs 
3.  Octupole enhancements 
4.  Prospects 



EDM         CP         Baryon Asymmetry         NEW PHYSICS  

A. Shakarov Another possibility: CP violation in neutrinos + “seesaw” 

  1) Baryon number violation 

 2) CP Violation 

 3) Rapid expansion (non-equilibrium) 
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NEW PHYSICS @ TeV (LHC)scale    
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Atomic EDMs 
Particle Interactions Polarize Atoms	



dA =(kTCT+kSCS) +ηede + κSS +  h.o.  (MQM)	
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Diamagnetic atoms: Schiff moment Paramagnetic atoms (       coupling)   
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Atomic EDMs 
Particle Interactions Polarize Atoms	
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13 Effective field-theory parameters 
See Engel et al. arXiv:1303.2371 

8 experiments (so far) 

What can we learn? 
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 Diagmagetic atoms and nucleons 
T.C. & M. Ramsey-Musolf – in preparation 

θQCD	
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TABLE II Experimental results and coe�cients ↵
ij

of e↵ective-physics parameters for paramagnetics. The second line shows
the value used in the �2 plot.

d
exp

(e-cm) @d

@de

@d

@CS
(e-cm) @d/@CS

@d/@de

YbF (3.5± 8.6)⇥ 10�22 (�1.45± 0.15)⇥ 106 (�1.2± 0.1)⇥ 10�14 8.4⇥ 10�21

(0.0017± 0.0041 Hz) (�5.5± 0.5)⇥ 1024 Hz/e-cm (27± 2.7)⇥ 103 Hz
Tl (�4.0± 4.3)⇥ 10�25 -573 (20) (�7.0± 0.3)⇥ 10�18 e-cm 1.22⇥ 10�20

Cs (�1.8± 6.9)⇥ 10�24 123 (4) (�0.78± 0.2)⇥ 10�18 e-cm 6.3⇥ 10�21

Hg (0.49± 1.5)⇥ 10�29 0.01 �8.1⇥ 10�22 e-cm 8⇥ 10�20

2. We have a “theory” i.e.

d
i

=
X

i

↵
ij

C
j

, (12)

where C
j

are the e↵ective-physics parameters, e.g. ✓̄, d
e

, C
S/T

, etc. and ↵
ij

are the coe�cients reflecting
sensitivity. Note that each ↵

ij

has an uncertainty �
ij

.

3. We can define a �2 for the combination of experiment and a set of values of the e↵ective-physics coe�cients
{C

i

}:

�2({C
i

}) =
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i

(d
i
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j

↵
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C
j

)2

�2

i

+
P

j

�2

ij

C2

i

. (13)

The procedure is to make a set of guesses for the {C
i

}, calculate and record �2, make another set of guesses, and
so on. With a large number of sets of guesses, we can draw contours of constant �2 in a space of C

i

’s and perhaps
find a global minimum.

V. PARAMAGNETIC FITS

Paramagnetic systems: Cs, Tl and YbF, etc. are most sensitive to the electron EDM and C̃
S

, which we assume is
the same for all three systems, for which A/Z varies from 2.42 (Cs) to 2.53 (Tl), less than the error assigned to W

c

. .
Data and coe�cients are shown in Table II. Note that 199Hg and other diamagnetic systems are also sensitive to d

e

and C
S

, but these systems are also sensitive to at least six other parameters as well, and for now are left out of the
fit. The �2 contours using only the paramagnetic systems Cs, Tl and YbF is shown in Fig. 2.

VI. HADRONIC FITS

There are four hadronic systems with results: the neutron, diamagnetic atoms (199Hg and 129Xe) and TlF. We
anticipate new results from one or more octupole-deformed diamagnetic atom, the proton and eventually from bare
light nuclei - the deuteron (d) and and 3He nucleus or hellion (h). In all, there are six independent measurable
quantities: d̄0, d̄1, g0

⇡

M g1
⇡

, g2
⇡

and C
T

. but we argue that g2
⇡

has smaller contributions from dimension-6 operators,
and combine the two isospin components of the short-range neutron contribution to reduce the number of observables
to four: d̄

n

= d̄0 � d̄1, g0
⇡

, g
p

i1 and C
T

, which are constrained by experiment.
For the neutron, from ref. (12):

d
n

= (d̄0 � d̄1) (14)
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+ (1.44⇥ 10�14g(0)
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) e� cm (17)

where egA

16⇡F⇡
⇡ 2.8⇥ 10�15 e-cm.
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β3	
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Octupole Enhancements  
Intrinsic (body-frame) moment 

Polarizabitliy 

NH3 (see Feynman vol 3.)	
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Reflection Symmetry 

Small splitting (tunnel frequency) 
Large electric polarizability 
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Nuclei with Octupole Deformation/Vibration ���
(Haxton & Henley; Auerbach, Flambaum, Spevak; Engel et al., Hayes & Friar, etc.)	



Ref: Dzuba PRA66, 012111 (2002) - Uncertainties of 50% 
*Based on Woods-Saxon Potential 
† Nilsson Potential Prediction is 137 keV 
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NOTES: 
Ocutpole Enhancements 
Engel et al. agree with Flambaum et al. 
Even octupole vibrations enhance S (Engel, Flambaum& Zelevinsky) 
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Measurement of Deformation Parameters of Rn, Ra 
Liam Gaffney et al. (Nature v 407, p 199, 2013) 

Vibrator Permanent 
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Estimate of 221Rn Enhancement 
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gamma-ray peaks can be identified at 
201.0, 223.5, and 289.3 KeV. 
Work is on-going with regards to analysis of 
the spectrum.  It is of interest to note the 
large number of x-rays, which would be 
expected in this nucleus, as there are highly 
converted transitions, adding to the normal 
counts from atomic processes. 
A new silicon detector, SPEDE, for 
conversion electron measurements will be 
installed at HIE-ISOLDE. This device will 
enhance the experimental set-up to include 
simultaneous conversion electron and 
gamma-ray spectroscopy.  Analysis of this 
odd mass nucleus will give quantitative 
information about the octupole correlations, 
with implications on the search for 
permanent atomic electric dipole moments. 
 

 
Fig.1: Prompt gamma-ray spectrum following 
Coulomb excitation of 221Rn projectile at 
2.85 MeV/u on a 120Sn target (2 mg/cm2), 
Doppler corrected for radon (background 
subtracted). 
 
The original proposal for the experiment 
can be found at 
http://cdsweb.cern.ch/record/1100218/files/
INTC-P-244.pdf. 
 
George O’Neill (for the MINIBALL 
Collaboration) 
 
 
 
 
 

IS478: Shape determination in 
Coulomb excitation of 72Kr 
 
Unlike prolate deformed nuclei, the oblate 
ones are rare across the nuclear landscape 
[1]. Consequently, very limited data exist 
and the underlying mechanism responsible 
for the emergence of oblate deformation in 
nuclei is not well understood. In the A~70 
region of shape co-existence [2], the first 
excited 2+ state in 72Kr is a special case 
because all the existing experimental and 
theoretical information indicate an oblate 
deformation for this state [3,4].  However, 
no direct experimental evidence has been 
found to date to confirm these expectations 
(see the contribution on page 6. of this 
newsletter).   
In an attempt to obtain the sign of the 
spectroscopic quadrupole moment, utilizing 
the re-orientation effect [5] (c.f. Fig.1), and 
thereby to determine the shape of 72Kr 
residing in this state, we initiated a low-
energy inelastic Coulomb excitation study of 
72Kr using a beam produced at REX-ISOLDE. 
After extensive efforts from the target 
group to develop the beam [6] and several 
attempts using Miniball to study 72Kr using 
Coulomb excitation, in May 2012 we 
successfully collected the first data.  The 
2.85 MeV/u beam was used to bombard a 
104Pd target of 2 mg/cm2 thickness and the 
Ȗ rays were detected using the Miniball 
setup.  The Ȗ-ray yield (~150 counts) seen 
in Fig.2 for the 2+Î0+ transition in 72Kr is 
comparable to that seen in the work 
presented in Ref.[5], which in turn suggests 
that the sign of the spectroscopic 
quadrupole moment  can be obtained.   The 
analysis is currently in progress. 
 
 
 

221Rn (ISOLDE)	
  
50 keV 

400 keV 
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Measurement Principle 
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Measure frequencies	
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Need to measure B (co)magnetometry	



“Analyzing power” 
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1. Bombard foil 
2. Heat foil: release to target chamber 
3. Freeze to cold finger 
4. PUSH to cell (buffer gas) 

Efficiency~100%	
  (Mike	
  Hayden)	
  

Techniques: Collecting rare isotope noble gases 
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Fit	
  for	
  Γ2	
  (Ta=300°K):	
  	
  
0.05	
  Hz	
  (uncoated);	
  	
  
0.03	
  Hz	
  (coated)	
  
Use	
  2.5x10-­‐21	
  cm2	
  	
  	
  

9/10/13 13 Tim	
  Chupp,	
  Univeristy	
  of	
  Michigan	
  Radon	
  Prospects	
  forPSI2013	
  



1	
  

2	
  

3	
  

4	
  

5	
  

6	
  

7	
  

8	
  

Gamma-­‐anisotropy	
  precession	
  detec\on	
  	
  

Magne\c	
  Shielding	
  

(Ac\ve	
  +	
  Passive)	
  

cell	
  

Mu-­‐metal	
  
Ac\ve	
  shield	
  -­‐	
  3	
  dimensions	
  

1	
  mG	
  
magnet	
  

BGO	
  compton	
  supressors	
  

9/10/13 14 Tim	
  Chupp,	
  Univeristy	
  of	
  Michigan	
  Radon	
  Prospects	
  forPSI2013	
  



Genat-4 simulations by Evan Rand 
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Other detection techniques 

scattering rate (transmission)	



index of refraction (Faraday rotation)	



•  Beta asymmetry 
•  2-photon laser magnetometry developed for 129Xe/nEDM 
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Two-photon magnetometry with 221/223Rn (J=7/2) 
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S. Degenkolb 
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Facility TRIUMF-ISAC FRIB(223Th) Project X 

Rate 2.5x107 s-1 1x109 s-1 3x1010 s-1 

# atoms 3.5x1010 1.4x1012 4.2x1013 

   σEDM  (100 d) 2x10-27 e-cm 3x10-28 e-cm 5x10-29 e-cm 

    199Hg 
equivalent 

4x10-28/29 e-cm 6x10-29/30 e-cm 1x10-30/31 e-cm 

Radon-EDM Prospects 
Compare to 199Hg: d<3x10-29 e-cm (90%) 

A future? 

Assumptions: E=10 kV/cm, T2=15 s, A=0.2, 25% duty factor  
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Impact: Relevance … Discovery 



Elements of the EDM measurement 
Need Status 
Radon production Nearly there @ TRIUMF 
Collection/transfer 
EDM Cells        but new ideas 
Polarization/lasers 
HV OK (10kv/cm) 
Detection Under development 
     Gamma anisotropy OK 
     Beta asymmetry To be developed 
     Laser (2 photon) Under development 
Magnetic shielding Needed 
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Thank you! 
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238U fragmentation-in beam  221/223Rn* spectroscopy 

S800 

Gretina 

Data analysis underway 
MSU 

24	
  

Feb 2013	
  

Active diamond target 

J. Berryman*, A. Gade, B. Sherrill, TC* et al. (*spokespersons) 

Fission 
Fragments 
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TRIUMF	


Canada's National Laboratory for Particle and Nuclear Physics	


S-929 Radon-EDM Collaboration (Guelph, Michigan, SFU, TRIUMF)	



Populate 221Rn levels from 221At @ ISAC – December 2013 

Spokesmen: T. Chupp, C. Svensson	
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225Ra EDM Prospects	
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Schiff	
  moment	
  of	
  225Ra,	
  Dobaczewski,	
  Engel	
  (2005)	
  
Schiff	
  moment	
  of	
  199Hg,	
  Ban,	
  Dobaczewski,	
  Engel,	
  Shukla	
  (2010)	
  

Skyrme	
  Model	
   Isoscalar	
   Isovector	
   Isotensor	
  

SIII	
   300	
   4000	
   700	
  

SkM*	
   300	
   2000	
   500	
  

SLy4	
   700	
   8000	
   1000	
  

Enhancement Factor: EDM (225Ra) / EDM (199Hg) 

•  Closely spaced parity doublet – Haxton & Henley (1983) 

•  Large intrinsic Schiff moment due to octupole deformation 
                              – Auerbach, Flambaum & Spevak (1996) 

•  Relativistic atomic structure (225Ra / 199Hg ~ 3) 
              – Dzuba, Flambaum, Ginges, Kozlov (2002) 

EDM	
  of	
  225Ra	
  enhanced	
  

Ψ- = (|α〉 - |β〉)/√2 	



Ψ+ = (|α〉 + |β〉)/√2 
55 keV 

|α〉 |β〉 

Parity doublet 

225Ra: 
I = ½ 

t1/2 = 15 d 
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 Paramagnetic atoms: de and CS 
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Spin-Exchange Optical Pumping 

•  Optically pump the Rb with 
circularly polarized laser light. 

•  Spin-exchange collisions transfer 
the polarization to the 3He, 129Xe, 
radon nuclei. 

Buffer gas	


collisions	



1/2	

 1/2	

2/3	

 1/3	


5s1/2	



5p1/2	



ms=-1/2	

 ms=+1/2	



Rb	



Rb	



Rn	



Rn	



Binary Collision:	


τ~10-12 sec.	



Rb	



Rb	



Rn	



Rn	

N2	



N2	


van Der Waals Molecule	



9/10/13 30 Tim	
  Chupp,	
  Univeristy	
  of	
  Michigan	
  Radon	
  Prospects	
  forPSI2013	
  


