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EDM : Permanent Electric Dipole Moment

Pospelov, M. & Ritz,. Ann. Phys. (N. Y). 318, 119–169 (2005).

|de|<10-29e cm corresponds to

SUSY mass M>103 TeV

Sensitive EDM search corresponds to heavy SUSY search

Super 
symmetry
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The electron EDM search

Introduction

Experimental upper limit
|de|< 8.7 ×10-29 e cm

The ACME Collaboration et al., Science 343, 269 (2014)

Atomic and molecular beam experiments
improved electron EDM upper limit
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EDM search using beam

Introduction 7

  EdBh A
Parallel

  EdBh A
Anti-parallel

＋

ーMagnetic 
field B

Electric 
field E

Atomic/Molecular beam

＋

ー

 : magnetic dipole moment

Time reversal

Short 
interaction time
(< msec)

Non-uniformity of 
the fields










EE

BBh
dRde

)()(
A





2nd Aug. 2016 High Sensitivity Experiments Beyond the Standard Model,  Quy Nhon, Vietnam

EDM search using trapped atom

Introduction 8

Slow velocity

Localization

- small v ×E effect

- small Doppler effect

Optical lattice

- low collision rate

Collision

Long interaction time
(~sec)
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Francium EDM
Large enhancement of 
the electron EDM

Heaviest alkali metal

Atomic EDM 

No stable isotope…
210Fr =3.2 min 
211Fr =3.1 min
212Fr =20. min

Atomic number
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Availability of laser cooling 
and trapping

EDM measurement 
using optical lattice
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Fr-EDM project

Nuclear Fusion

Extraction and 
transportation of ions 

Fr+ beam

Laser cooling 
and trapping

Spectroscopy
100 MeV18O5+

beam accelerated 
by the AVF Cyclotron

Francium EDM project at CYRIC

Ion-to-atom 
conversion

High intensity 
Fr ion beam

High efficient
Laser trapping

Precision 
spectroscopy

11
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Status of Fr-EDM project

Francium EDM project at CYRIC

✔ Fr ion source

✔ Ion transportation

✔ Ion purification

✔ Ion-to-atom conversion

✔ Magneto-optical trap

✔ Optical lattice

Francium production Laser cooling and trapping Spectroscopy

✔ High voltage system

✔ Magnetometer

Co-magnetometer

✔ Ramsey’s method

12
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Status of Fr-EDM project

Francium EDM project at CYRIC - Francium test

✔ Fr ion source

✔ Ion transportation

✔ Ion purification

✔ Ion-to-atom conversion

✔ Magneto-optical trap

✔ Optical lattice

Francium production Laser cooling and trapping Spectroscopy

✔ High voltage system

✔ Magnetometer
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Fr ion source

Francium EDM project at CYRIC - Francium test

Gold target

18O5+ (100 MeV)
Fr+ beam

18O + 197Au -> 215-xFr + x

Fr

Kawamura, H. et al Nucl. Instr. Meth. B 317, 582–585 (2013).

Master thesis Hayamizu (2012).

Molten gold target
works good!

a energy spectrum
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Temperature dependence of Fr yield

Maximum 210Fr yield: ~106 pps

Extraction efficiency: ~14 %

✔ Stable operation with molten gold

✔ Production of sufficient amount of Fr ions

14
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Transportation and purification

Francium EDM project at CYRIC - Francium test

Electric field: E
Magnetic field: B

Mass spectrum
Wien filter

23Na

39K

85,87Rb
197Au

Mass/Charge
10 100 1000

23Na

39K

85,87Rb
197Au

Mass/Charge
10 100 1000

✔ Purification of ion beam ✔ Resolve charges with high magnetic field operation
→ High resolution
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Fr magneto-optical trap (MOT)

Francium EDM project at CYRIC - Francium test

Rb+, Fr＋

Y foil

Glass Cell

MOTWork function
Y:   3.1 eV -> neutralizer
Au: 5.1 eV -> ionizer

Ionization potential
Fr: 4.0 eV
Rb: 4.2 eV

Ion-to-Atom conversion

Efficiency depends on the 
condition of the target surface

Optical molasses:
cooling atom

Quadrupole magnetic field:
gathering atom

✔ Neutralization using Y foil

✔ To elucidate the mechanism

16
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Fr magneto-optical trap (MOT)

Francium EDM project at CYRIC - Francium test

7P3/2

7S1/2

F’=15/2

F’=13/2

F’=11/2

F’=9/2

F=13/2

F=11/2

617 MHz

500 MHz

397 MHz

46.76815 GHz

Trap
718 nm

Repump
718 nm

D2 Line

210Fr Energy Level
Laser light for Fr-MOT Trapping light Repumping light

single frequency
Ti:sapphire (Ti:S) laser

Maximum 3.5 W

Maximum 30 mW

Frequency detuning(GHz)

Spectrum of Iodine 
molecule

210Fr 
Trap

~3 GHz

46 GHz offset locking

210Fr Trap
(0th)

10th 

sideband
-10th 

sideband

210Fr Repump
(10th)

K. Harada, et al. Applied Optics 55, 1164-1169 
(2016).

✔ Determination of resonant frequency 
precisely for high reproducibility

✔ Two offset locking systems
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Status of Fr-EDM project

Francium EDM project at CYRIC - Rubidium test

✔ Fr ion source

✔ Ion transportation

✔ Ion purification

✔ Ion-to-atom conversion

✔ Magneto-optical trap

✔ Optical lattice

Francium production Laser cooling and trapping Spectroscopy

✔ High voltage system

✔ Magnetometer

Co-magnetometer

✔ Ramsey’s method

→Rubidium is good for the test

18
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EDM measurement

Francium EDM project at CYRIC - Rubidium test

B=0

E=0
B≠0 E=0

B≠0 E≠0 

Zeeman effect hν+

hν-

B E EBB

✔ Precision spectroscopy
(Ramsey’s method)

✔ High voltage system

✔ Magnetometer
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Ramsey’s method for cold atom

Francium EDM project at CYRIC - Rubidium test

1.Polarize 2.Make coherence

3.Time development

ω0-ω=0

ω0-ω=π/T

4.Break 
coherence

Ramsey fringe of cold 87Rb atoms

pulse 20 μs
interaction time 300 μs

✔Ramsey’s method can be used for cold atom

✔Interaction time is not enough for EDM measurement

Fringe width is now ~ kHz (for ~GHz)

20
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Laser cooling and trapping

Francium EDM project at CYRIC - Rubidium test

Optical dipole force trap (ODT)

Trap using
AC stark shift

1st 
MOT

2nd 
MOT

Offline laser trapping test using Rubidium (Rb) atoms

✔ Trapping Rb atoms by ODT

✔ Improvement of loading efficiency

✔ Development toward optical lattice

Cooling to lower temperature (Sisyphus cooling)

✔ High power single mode fiber laser

21

Trapped atom
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Rb magnetometer

Differential signal is used for the measurement

Differential signal of 85Rb
@ 5kHz FM

Magnetic field [nT]
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Lock- in amplifier
sensitivity 2 mV
(500 amplification)

n =+1

λ/2
3-axis coil

PBS

magnetic shield

PBS Photo 
detector

Lock-in 
Amplifier

5kHz FM laser light

Non-linear magneto-optical rotation using 
frequency modulated light (FM-NMOR)

Paraffin coated 
Rb cell
(φ 3 cm, l 3 cm)

23Rubidium magnetometer
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FM-NMOR slope 
laser intensity dependence

Rubidium magnetometer

Temperature ～23℃

(atomic number density~1010 cm-3)
Laser diameter ~2 mm

85Rb n=1 NMOR slope
Laser light power dependence

✔ 150 W is the best at room temperature

Laser power[W]
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Pump out and relaxation
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※ 150 μW and 500 μW signals corrected for offset

85Rb n=1 NMOR signals

40 μW －
150 μW －
500 μW －

✔ -0.6 GHz detuning from 85Rb F=3 is the  best✔ 1.2 GHz FM width is the best
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Stability of the magnetic field

Rubidium magnetometer

Allan variance of
the differential signal

Differential signal X ●

Average time [sec]

25

Fluxgate 1

Fluxgate 2

Thermocouple3-axis coil
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Allan variance of
the differential signal and coil voltage

差分X出力

コイル印加電圧

Influence of the external magnetic field

Rubidium magnetometer

Allan variance of
the differential signal and 

magnetic field outside of the shield

Supposed 
shielding factor 10-3

Other effect also contribute
Magnetic field fluctuation is large on one 
side of the shield

Differential signal X ●
Coil voltage ●

Average time [sec]Average time [sec]

Correction coil is needed

Differential signal X ●
Fluxgate 1 ●
Fluxgate 2 ●
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Allan variance of
the differential signal and temperature

Influence of other parameters

Rubidium magnetometer

差分X出力

温度

Average time [sec]

Differential signal X ●
Temperature ●

27



2nd Aug. 2016 High Sensitivity Experiments Beyond the Standard Model,  Quy Nhon, Vietnam

Contents

 Francium EDM project at CYRIC

 Rubidium magnetometer

• Nonlinear magneto-optical rotation (NMOR) effect

• Laser-cooled francium factory

• Offline test using rubidium

 Conclusion

28

 Introduction

• Electron EDM search using atoms and molecules

• Electron permanent electric dipole moment (EDM)



2nd Aug. 2016 High Sensitivity Experiments Beyond the Standard Model,  Quy Nhon, Vietnam

Conclusion

- Fr atom is useful to search for the electron EDM.

- Electron EDM is a good candidate to search for the physics 
beyond the standard model.

- Laser-cooled francium factory is being constructed:

- Offline test using rubidium is ongoing:

Fr ion source

Fr transportation and purification

Fr ion-to-atom conversion

Fr MOT try

Laser trapping (MOT, ODT)

Ramsey’s method

High voltage system

Magnetometer
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