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A probe for CP violation
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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



F EDM 210Fr MOT: J. E. Simsarian et al., PRL 76, 3522 (1996).
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The uncertainty of the phase of Ramsey resonance
N, cos 6

N atoms
Phase

uncertainty 6
50 = 1 Standard Quantum Limit
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N atoms k —particle ‘ entangled
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Heisenberg limit

The uncertainty is below the SQL.
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Ramsey resonance using SSS  We assume that uncertainty of
the Bloch vector is squeezed.
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Measurement method of eEDM using the SSS of Fr

Microwave field

HEDM — _datom ' EDC Wineland parameter
= —(gr/g)RdeMrEpc £ = 1+ 4NC(I'/w,)*
p) 2 . R NC
H = hw.'c + hi Claz [+ hwaa, aNC/p
A C = (29)*/(kI')

The optical cavity enhances the production of SSS (' single-atom cavity cooperativity
2 29 : single photon Rabi frequenc
2 2 8 glep q Yy
(A]Z) =¢ (A]Z,CSS) Kk : linewidth of the cavity

T. Aoki et al., I" : natural linewidth of atom
Quantum Sci. Technol. 6, 044008 (2021). g : detector efficiency



Quantum sensing using two Bloch vectors

Atomic distributions
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Uncertainty of EDM
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RIKEN Rl beam factory and EDM apparatus

cold Fr beam line construction ~ started from 2019 at RIKEN,

Japan (D Fr-EDM beam line
For 210Fr

(3 Laser sources |
ECR ioN source :

Surface .| racllf

"./ poduction

Retufn BT
(design)

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

||||||
||||||

400 m optical fiber delivery system

K. Nakamura et al.,
J. Phys.: Conf. Ser. 2249, 012010 (2022).




210Fr-EDM beam line ~ ready now

@ laser cooling for Fr

RS ol 2
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219Fr jon production with nuclear fusion reaction
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Neutralization and Magneto-Optical Trapping (MOT)
~15T try at RIKEN in 2023~
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Offline EDM with %21Fr generator

® st challenge of MOT with 225Ac/227Fr source ~ in progress
® All the apparatus ~ installed in the glove box at the hot lab. In RIKEN

Y foil

18
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For discussions of systematic errors,
Measurement method of the EDM

We apply the electric field and the magnetic field .

hvt = uB + dE
hv™ = uB — dE
ﬁ\Atoms /Q » Ay = ZdE/h

Energy,
However,

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




Energy shifts in
the EDM measurement

Fr atoms trapped
in the optical lattice

» Energy shift
AE = (gr/g;)RdempEpc + grugmpB + %a(w)EﬁC +%a(O)E§C + (higher order)
|\ ~ J \ J \ Y, J
EDM Zeeman shift ACk DC Stark shift

gr. g-factor ug. Bohr magneton
g,. Lande g -factor B:magnetic field

R: enhancement factor

mg. magnetic qguantum number a:polarizability

Epc: DC electric field E, .. optical field



EDM shift veom = (gr/g;)RdempEpc/h

gr. g-factor

g,. Lande g -factor

R: enhancement factor

mg. magnetic quantum number
Epc: DC electric field

H=-p-B +1
e F_=1 - - /JO_//T AVzeeman = gritgB/h



Light shift (AC Stark shift) hvyecror & mp Ie, cos ¢
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Extraction of the Zeeman shift and the vector light shift
are required.



Co-magnetometer using Rb and Cs
trapped in an optical lattice

87 _133 .
“'Rb-"*Cs are trapped » Simultaneous measurement of
in an optical lattice.

spin rotation frequencies of Rb and Cs

Rb _ = h
V=" = yrpB + Irp/e, cOs P 4 'UBT]gFC(/(l)
v =y B + [cslep cos @ U=

‘ solving of simultaneous equations
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B

Yrbl'cs—VRrblcs
—ycsVRP+yRrpv©S
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Ie, cosp =

» Faraday rotation measurement

We can estimate the magnetic field and the light intensity
separately.



Laser cooling of Rb and Cs atoms in the optical lattice
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Faraday rotation:

co-magnetometer in the optical lattice

signal (arb. units)

First observation of the spin precession of Rb/Cs ~ *°} ™ e
trapped in the optical lattice at the same time ~ 3.7 “ |
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o 36
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Magnetic field measurement accuracy < 100 pT



Contents
1. Introduction

2. Quantum sensing of the electron’s EDM
using ultracold entangled Fr atoms

3. Experiment
- Experimental setup
- Faraday rotation
- Ramsey resonance and Mx magnetometer

4. Summary



Quantum sensing (Ramsey resonance) experimental results

ultracold
Cs atoms
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It requires the magnetic sensors for precise measurement of magnetic field

with a resolution of AB < 20 fT.

T. Aoki et al., Quantum Sci. Technol. 6, 044008 (2021).



Experimental setup of Mx magnetometer

two light source — sing

le light source

Axial direction of RF coils is
parallel to the laser beam, and
tilted by 45 degree with respect
to the magnetic field By, .

N\ & . input )
B , ' @

4 )

L SP(t) = Pgsin(2nfrpt + @)

/A magnetization precesses with the frequency fzr of
the RF magnetic filed Byz. The transmitted light power
has a component §P(t) modulated at that frequency.

PD Signa%
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"
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C. Abel et al.,

Phys. Rev. A01 053419 (2020).

(" The phase ¢ is the phase difference
with respect to the driving field Byr.
It has a resonant behavior. for — fi
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)

I'/2m



Stability of magnetic fields measurement of magnetic field
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Atomic Parity Violation

NSD PNC ( nuclear anapole moment )

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

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

NSI PNC ( new physics beyond the standard model )

210Fr  TA et al., Appl. Phys. B 123, 120 (2017).

133Cg  A. Kastberg, TA et al., Phys. Rev. A 100, 050101(R) (2019).

133CS A. Kastberg, B. K. Sahoo, TA et al., Symmetry 12, 974 (2020).
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Summary

1. Quantum sensing of the electron’'s EDM
using ultracold quantum entangled Fr atoms (SSS)
[3] T. Aoki et al., Quantum Sci. Technol. 6, 044008 (2021).

2. Experiment
400 m optical fiber [4] K. Nakamura ef al.,J. Phys.: Conf. Ser.2249, 012010 (2022).

-Fr production: 10° atoms/s
[5] N. Ozawa et al., Rev. Sci. Instrum. 94, 023306 (2023).

-Neutralization [6] M. Sato et al., JPS Conf. Proc. 37, 020605 (2022).
-210Fr MOT [7] Y. Sakemi et al., JPS Conf. Proc. 35, 011016 (2021).
-221Fr production

-Faraday rotation: vector light shift
-Ramsey resonance using ultracold atoms

-Mx Magnetometer 6B = 1 pT/vHz.

Outlook
221Fr MOT, optical lattice, EDM measurement






To beat the Standard Quantum Limit

uncertainty of [ 0= i] Standard Quantum Limit (SQL)

atomic phase VN
N : number of atoms ‘

By using k-particle entanglement state in N atoms

1. fk=N, AO=—
Agzﬁ Is below SQL 0 N
the limit is the Heisenberg limit

entangled quantum state to beat SQL [«There is a negative

1 correlation between atoms
+ GHZ state |¥'>=71000..>+[111.. ] et

. NOON statétv>=%{|lv>|0>+|0>uv }

N —
2’ =3

{1/100

1
 Yurke state|tp>=ﬁ |]=

« Schrodinger cat state

O. Hosten et al., N_m]
Nature 529, 505 (2016).

* Squeezed spin state (SSS) B



Atomic squeezed states for atomic clocks using the optical cavity

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

O. Hosten et al,,
Nature 529, 505 (2016).
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Composite Presqueeze
2
2

N
.

.H',n. ﬁ‘
12 |2

Presqueeze Squeeze Readou
- |
Light 3n 27

Yb optical lattice clock

Number of measurements
1 10

—T T T — T

stability

Q
T p] W Mt TR I
-

i 4.4c;é~‘"‘§~.,¢
f*—_—’ RSN
.%‘~“ “‘?¢~Q??

i”“%f}m

Allan deviation
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Production methods of SSS

Interaction of atoms with coherent light

— One—axis twisting — Feedback method

M. Kitagawa, and M. Ueda, M. Takeuchi et al.,
Phys. Rev. A 47, 5138 (1993). Phys. Rev. Lett. 94, 023003 (2005).

— Measurement—based method (Quantum nondemolition measurement)

A. Kuzmich et al., Y. Takahashi ef al.,
Europhys. Lett. 42, 481 (1998). Phys. Rev. A 60, 4974 (1999).

H =y S X : coefficient
QND zrz S, : Stokes parameters of light

]z A]x ]z

+—>

|,
Js Jx (Oycss)” =J/2=N/4

Coherent spin  Squeezed spin
state (CSS) state (SSS)

tAJ, (Ajz)z — 52 (Ajz,CSS)2

¢ : Wineland parameter
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