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Current upper limit  

Electron’s electric dipole moment (EDM)
A probe for CP violation 

(T violation)
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T. S. Roussy et al., 

Science 381, 46 (2023).

New physics

HfF+

A further reduction of the uncertainties in EDM measurements is required 

to constrain proposed models beyond the SM.

Heavy paramagnetic atoms and polar molecules are considered as the

most promising candidates to observe EDM
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210Fr MOT: J. E. Simsarian et al., PRL 76, 3522 (1996).

221Fr MOT: Z. -T. Lu et al., PRL 79, 994 (1997).

210Fr 221Fr
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enhancement 

factor 𝑅 ∝ 𝑍3

R = 799 for Fr
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The uncertainty of the phase of Ramsey resonance

Phase 
uncertainty
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The uncertainty is below the SQL.
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L. Pezze et al., Rev. Mod. Phys. 
90, 035005 (2018).

Experiments of Quantum Sensing with

entangled quantum states of atoms Δ𝜃 <
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Squeezed Spin State（SSS）

The SSS is the entangled quantum state

with negative correlations between atoms

M. Kitagawa, and M. Ueda, 

Phys. Rev. A 47, 5138 (1993).
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Ramsey resonance using SSS

D. J. Wineland et al., 

Phys. Rev. A 50, 67 (1994).

= 𝛚′ × 𝐉
𝜕𝐉
𝜕𝑡

We assume that uncertainty of 

the Bloch vector is squeezed.

Microwave 

pulses

∆𝜔 =
∆𝐽𝑦 0

𝑇 𝐽𝑧 0 𝑚
=
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𝐉

After 𝑚 mesurements,
the unertainty of 
Ramsey resonance
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C : single-atom cavity cooperativity
2g : single photon Rabi frequency
 : linewidth of the cavity
 : natural linewidth of atom
q : detector efficiency

Measurement method of eEDM using the SSS of Fr

Wineland parameter

Z. Chen et al., PRL 106, 133601 (2011).

I. D. Leroux et al., PRL 104, 073602 (2010).

The optical cavity enhances the production of SSS

T. Aoki et al., 
Quantum Sci. Technol. 6, 044008 (2021).
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Quantum sensing using two Bloch vectors
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Uncertainty of EDM

E = 100 kV cm-1      T = 1 s

ttotal = 24h = 86400 s

N = 2.5x105

 de = 3.3x10-29 ecm
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N = 2.5x105

g  = 105 Hz,   = 8 kHz

(L = 10 cm, F = 200 000)

  = 7.6 MHz, a  = 46.8 GHz

R = 1 / 44.2 

 de = 7.5x10-31 ecm

T. Aoki et al., 
Quantum Sci. Technol. 6, 044008 (2021).
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RIKEN RI beam factory and EDM apparatus
cold Fr beam line construction ~ started from 2019 at RIKEN,

Japan ① Fr-EDM beam line
For 210Fr

③ Laser sources
DM
C7

Surface 
ionizer

Neutralizer 

MOT/OL 

E7b

E7a

② 221Fr （225Ac generator)
Hot Lab.  (Offline EDM)

ECR ion source
Optical 
fiber 
400 m 

K. Nakamura et al.,

J. Phys.: Conf. Ser. 2249, 012010 (2022).

400 m optical fiber delivery system



210Fr-EDM beam line ~ ready now

① Fr production with fusion reaction 

② laser cooling for Fr

③ EDM search with the interferometer

Primary beam from AVF cyclotron



210Fr ion production with nuclear fusion reaction

IR heater (2 kW, 1000℃)

18O6+

110 MeV

1 pA

Fr+

100 eV

1 mm

Surface ionization probability 〜100%

α
Si detector

Y neutralizer

Diffusion
10 - 100 s

8

H ig h intensity Fr ion source 

Production of a high-intensity francium ion beam

for the measurement of the electron electric dipole moment

H. Nagahama,∗ 1 K . Nakamura,∗ 1 N. Ozawa,∗ 1 Y. Kotaka,∗ 1 H. Haba,∗ 2 T. Hayamizu,∗ 2 M. Ohtsuka,∗ 2,∗ 3

K .S. Tanaka,∗ 4 H. Ueno,∗ 2 Y. Ichikawa,∗ 2 and Y. Sakemi∗ 1

The striking imbalance between matter and anti-
matter observed in the universe is known to be one of
the biggest mysteries in modern physics. For decades,
physicists have been attempting to investigate CP (C:
charge conjugation, P: parity transformation) viola-
tions for different physical systems, which could lead to
the discovery of the fundamental reasons for this mys-
tery. One of these intriguing systems is the electric
dipole moment of an electron (eEDM). The existence
of an absolutevalueof theeEDM implies that CP sym-
metry has been violated. At the same time, thiswould
also reveal the existence of a new theory beyond the
standard model of particle physics.
Since the eEDM is expected to be small,1) it is nec-
essary to adopt a system that enhances the eEDM to
a sufficiently large value. For this purpose, we have
chosen francium. Francium has an eEDM enhance-
ment factor of approximately 103 , which is known to
be the largest among any ground-state atom.2) The
ideal environment for Ramsey spectroscopy to mea-
sure the eEDM using francium atom is one in which a
large amount of francium atoms are trapped in a tiny
volume where the interactions with other particles are
highly suppressed. To this end, we are planning to
develop a three-dimensional optical lattice to confine
laser-cooled francium atoms.
In this study, weconstructed a surface ionizer to cre-
ate a high-intensity francium ion beam. The surface
ionizer consists of a vacuum chamber, a gold target,
deflection electrodes, and an infrared radiation heater,
as shown in Fig. 1. An 18O6+ beam (6.28MeV/u) pro-
vided by the AVF cyclotron in RIKEN RIBF will be
irradiated on thegold target to induce the following fu-
sion reactions inside the gold: 197Au(18O, xn)215− xFr.
By heating up the target using the infrared heater, the
thermal diffusion process of the franciums will occur,
and some fractions will reach the surface. Most of the
franciums at the surface will be ionized according to
theSaha-Langmuir equation3) and, subsequently, ther-
mally released into the vacuum. Since high voltages
are applied to the target (∼ 1000V) as well as to the
deflection electrodes (∼ 930V), the thermal francium
ions will experience the electric-field gradient and be
transported as a secondary beam (∼ 1keV), which will
be guided at an angle of 45◦ with respect to the 18O6+

beam. The francium ion beam generated will finally

∗ 1 Center for Nuclear Study, the University of Tokyo
∗ 2 RIK EN Nishina Center
∗ 3 W aseda University Honjo Senior High School
∗ 4 Cyclotron and Radioisotope Center, Tohoku University

Fig. 1. Schematic of the experimental apparatus to pro-

duce a high-intensity francium ion beam.

be monitored using a beam diagnostic system. The
beam diagnostic system consists of a micro-channel
plate (MCP) to monitor thebeam’scharacteristicsand
a silicon semiconducting detector (SSD) to observe α
radiation caused by the α decay of the franciums. An
α radiation source (Am) is placed near the SSD to cal-
ibrate the energy of the α radiation.
In September 2019, we constructed this experimen-
tal apparatusand performed an offline test. During the
offline test, weheated up the target to 400∼ 800 ◦ C us-
ing the infrared heater and thermally ionized particles
already existing on the surface. These ionized particles
weremonitored by theMCP, which allowed us to opti-
mise the voltages applied to the target and the deflec-
tion electrodes. We have confirmed that the optimised
voltagesareconsistent with our previoussimulation us-
ing SIMION 8.1. After the offline test, we performed
online experiments on October 25, 2019 and Novem-
ber 22, 2019. Through data analysis, we verified that
we had succeeded in producing a 210Fr+ beam with an
intensity of 1.3 × 106/s.

References
1) M . S. Safronova et al., Rev. Mod. Phys. 90, 025008
(2018).

2) J. S. M . Geinges and V. V. Flambaum, Phys. Rep. 397,
63 (2004).

3) M . J. Dresser, J. Appl. Phys. 39, 338 (1968).
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Neutralization and Magneto-Optical Trapping (MOT)
〜1ST try at RIKEN in 2023〜

Calibration 
with 87Rb
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Offline EDM with 221Fr generator

18

⚫ 1st challenge of MOT with 225Ac/221Fr source 〜 in progress 
⚫ All the apparatus 〜 installed in the glove box at the hot lab. In RIKEN

Y foil

MOT cell

Lasers

Si detector

Ac source

221Fr



Poster 6:   Teruhito Nakashita

89
225Ac → 87

221Fr + 𝛼 (𝑡 Τ1 2 = 9.9d)

• Too fast to trap Fr
• Fr atoms on Pt surface will be 
ionized.

Atomic source of 221Fr

Yttrium foil will stop 
and neutralize Fr+ions.

Neutralization

73 ± 31% 

⑵ Before baking out

（OTS-coated）

⑶ After baking out

（235℃, 24 h）

⑴ Bare glass substrate

Contact angle measurement 

to check the surface of 

the OTS-coated glass cell

Poster 4:   Ryosuke Tsutsui



1.1GHz

Poster 7:   Yu Nezu

Development of ECDL 

with interference filter

Poster 19:   Masaki Nakazawa

Modulation transfer spectroscopy of 127I2 molecules
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For discussions of systematic errors,
Measurement method of the EDM

𝑬 𝑩 𝑬 𝑩

Atoms

Energy

𝒅 ⋅ 𝑬

𝝁 ⋅ 𝑩
ℎ𝜈+ ℎ𝜈−

ℎ𝜈+ = 𝜇𝐵 + 𝑑𝐸
ℎ𝜈− = 𝜇𝐵 − 𝑑𝐸

 Δ𝜈 = 2𝑑𝐸/ℎ

We apply  the electric field and the  magnetic field .

However,
the electric field and the  magnetic field
induce additional energy shifts, which 
contribute to systematic errors .



Energy shifts in  
the EDM measurement

➢Energy shift

Δ𝐸 = 𝑔𝐹/𝑔𝐽 𝑅𝑑𝑒𝑚𝐹𝐸DC + 𝑔𝐹𝜇𝐵𝑚𝐹𝐵 +
1

2
𝛼 𝜔 𝐸AC

2 +
1

2
𝛼 0 𝐸DC

2 + (higher order)

Zeeman shift ACḱDC Stark shiftEDM

Fr atoms trapped

in the optical lattice

𝑔𝐹:  g- factor

𝑔𝐽:  Lande g - factor
𝑅:  enhancement factor
𝑚𝐹:  magnetic quantum number
𝐸𝐷𝐶:  DC electric field

𝜇𝐵:  Bohr magneton
𝐵:magnetic field

𝛼:polarizability
𝐸𝐴𝐶:  optical field 



Zeeman shift

𝑚𝐹: -1 0 +1

𝐹 = 1

𝐻 = −𝝁 ⋅ 𝑩

Δ𝜈Zeeman = 𝑔𝐹𝜇𝐵𝐵/ℎ

𝑔𝐹:  g- factor

𝑔𝐽:  Lande g - factor
𝑅:  enhancement factor
𝑚𝐹:  magnetic quantum number
𝐸𝐷𝐶:  DC electric field

𝑚𝐹: -1

0
+1

𝜈Zeeman = 𝑔𝐹𝜇𝐵𝑚𝐹𝐵/ℎ

EDM shift 𝜈EDM = 𝑔𝐹/𝑔𝐽 𝑅𝑑𝑒𝑚𝐹𝐸DC/ℎ



Light shift (AC Stark shift) ℎ𝜈vector ∝ 𝑚𝐹 𝐼𝜀𝑝 cos𝜙

scalar light shift

vector light shift

tensor light shift

vector light shift

Extraction of the Zeeman shift and the vector light shift 
are required.



➢ Simultaneous measurement of 
spin rotation frequencies of Rb and Cs

൝
𝜈Rb = 𝛾Rb𝐵 + ΓRb𝐼𝜀𝑝 cos𝜙

𝜈Cs = 𝛾Cs 𝐵 + ΓCs𝐼𝜀𝑝 cos𝜙

𝐵 =
ΓCs𝜈

Rb−ΓRb𝜈
Cs

𝛾RbΓCs−𝛾RbΓCs

𝐼𝜀𝑝 cos𝜙 =
−𝛾Cs𝜈

Rb+𝛾Rb𝜈
Cs

𝛾RbΓCs−𝛾RbΓCs

➢ Faraday  rotation measurement

Co-magnetometer using Rb and Cs 

trapped in an optical lattice

We can estimate the magnetic field and the light intensity 

separately. 

solving of simultaneous equations

𝛾 = 𝜇𝐵𝑔𝐹/ℎ

Γ = −
𝜂

2𝐹

𝛼(1)

ℎ87Rb

133 Cs

87Rb-133 Cs are  trapped  
in an optical lattice.  



➢ vacuum pressure : 1 × 10−8 Pa

~
6
0
0
m
m

trapped
atoms

Laser cooling of Rb and Cs atoms in the optical lattice



Faraday rotation:
co-magnetometer in the optical lattice 

൝
𝜈Rb = 𝛾Rb𝐵 + ΓRb𝐼𝜀𝑝 cos𝜙

𝜈Cs = 𝛾Cs 𝐵 + ΓCs𝐼𝜀𝑝 cos𝜙

First observation of the spin precession of Rb/Cs 
trapped in the optical lattice at the same time

Magnetic field measurement accuracy < 100 pT

Current (mA)

Power (W)Poster 8:   Kota Abe (Shintaro Nagase)
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𝛿𝑃 𝑡 = 𝑃𝑅sin(2𝜋𝑓𝑅𝐹𝑡 + 𝜙)

𝜙𝐸 = 𝜙 − 𝜙0 = arctan
𝑓𝑅𝐹 − 𝑓𝐿
Γ/2𝜋

two light source → single light source 

sin̍·

RF

source



895 nm

Cs D1 line

B0 coils

RF coils

Experimental setup of Mx magnetometer

Lock in amplifier

oscilloscope 

Cs vapor cell with 

spin-relaxation free-

coating

magnetic shield

probe light

λ/4 p.

λ/2 p.

Axial direction of RF coils is 

parallel to the laser beam, and 

tilted by 45 degree with respect 

to the magnetic field B0 .

ECDL: external cavity diode laser

PBS: polarization beam splitter

PD: photo detector

The phase 𝜙 is the phase difference 

with respect to the driving field 𝐁𝑅𝐹. 

It has a resonant behavior.

phase difference between

probe light power and RF field

A magnetization precesses with the frequency 𝑓𝑅𝐹 of 

the RF magnetic filed 𝐁𝑅𝐹. The transmitted light power 

has a component 𝛿𝑃 𝑡 modulated at that frequency.

C. Abel et al., 

Phys. Rev. A 101, 053419 (2020).



Stability of magnetic fields
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Atomic Parity Violation

TA et al., Appl. Phys. B 123, 120 (2017).

A. Kastberg, TA et al., Phys. Rev. A 100, 050101(R) (2019).

A. Kastberg, B. K. Sahoo, TA et al., Symmetry 12, 974 (2020).

B. K. Sahoo, TA et al., Phys. Rev. A 93, 032520 (2016).

TA et al., Asian J. Phys. 25, 1247 (2016).

NSD PNC ( nuclear anapole moment ) 

NSI PNC ( new physics beyond the standard model ) 

133Cs

Fr

Fr

210Fr

133Cs
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Summary

1. Quantum sensing of the electron’s EDM

using ultracold quantum entangled Fr atoms (SSS)

2. Experiment

-400 m optical fiber

-Fr production: 106 atoms/s

-Neutralization 

-210Fr MOT

     -221Fr production

-Faraday rotation: vector light shift

-Ramsey resonance using ultracold atoms

-Mx Magnetometer 𝛿𝐵 = 1 pT/ Hz.
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[7] Y. Sakemi et al., JPS Conf. Proc. 35, 011016 (2021).

Outlook

221Fr MOT, optical lattice, EDM measurement





By using k-particle entanglement state in N atoms

uncertainty of

atomic phase
Δ𝜃＝

1

𝑁
Standard Quantum Limit (SQL)

𝑁 ∶ number of atoms

is below SQL

• GHZ state

• NOON state

• Yurke state

• Schrödinger cat state

• Squeezed spin state (SSS)

Δθ =
1

𝑁
the limit is the Heisenberg limit 

entangled quantum state to beat SQL

|Ψ > =
1

2
{|000… > +|111… }

|Ψ > =
1

2
{|𝑁 > |0 > +|0 > |𝑁 }

|Ψ > =
1

2
{ ඁ𝐽 =

𝑁

2
,𝑚 =

1

2
+ ඁ𝐽 =

𝑁

2
,𝑚 = −

1

2
}

←There is a negative   
correlation between atoms

O. Hosten et al., 

Nature 529, 505 (2016). 

1/100

Δ𝜃＝
1

𝑘𝑁

5

If k = N, 

To beat the Standard Quantum Limit



Rb 6.8 GHz clock using the squeezed optical Bloch vectors in F=1 and F=2 states

Atomic squeezed states for atomic clocks using the optical cavity

O. Hosten et al., 

Nature 529, 505 (2016). 

E. P.-Penael et al., Nature 588, 414 (2020).

Yb optical lattice clock



Production methods of SSS

Interaction of atoms with coherent light

- One-axis twisting → Feedback method

- Measurement-based method (Quantum nondemolition measurement）

M. Kitagawa, and M. Ueda, 

Phys. Rev. A 47, 5138 (1993).

M. Takeuchi et al., 

Phys. Rev. Lett. 94, 023003 (2005).

A. Kuzmich et al., 

Europhys. Lett. 42, 481 (1998).

Y. Takahashi et al., 

Phys. Rev. A 60, 4974 (1999).

𝐻𝑄𝑁𝐷 = 𝜒𝑆𝑧𝐽𝑧 𝜒 : coefficient
𝑆𝑧 : Stokes parameters of light

Coherent spin
state (CSS)

Squeezed spin
state (SSS)

∆𝐽𝑧
2 = 𝜉2 ∆𝐽𝑧,CSS

2

∆𝐽𝑧,CSS
2
= 𝐽/2 = 𝑁/4

𝜉 : Wineland parameter
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