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Quantum sensing with the crystal of the radioactive atoms
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Anti-matter disappearance mechanism in the universe 

Quantum sensing with RI crystal of the cold atoms to search for the new particles 

重元素
RI

Spin Precession

Dark Energy
1. Dark Matter

Two Mysteries

2. Matter-Antimatter Asymmetry



Sakharov’s Conditions: Need CP-Violation

1. A baryon number violating interaction exists.
2. Departure from thermal equilibrium.
3. Both C- & CP-symmetry must be violated.

The Nobel Foundation
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Sakharov’s Conditions: Need CP-Violation 

Matter dominated universe : 

1. A baryon number violating interaction exists. 

2. Departure from thermal equilibrium. 

3. CP(Charge conjugation and Parity)-symmetry must be violated.  



Standard Model CP-Violation: Not Enough

PDG2022

Huet & Sather PRD 51:379 (1995)
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Standard Model CP-Violation : Not Enough 



Search for beyond-standard-model (BSM)
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Big issues in particle physics now 
l Is the discovered Higgs particle the SM one ? 
l Where is BSM ?   TeV scale or higher energy scale ?

Remaining mysteries

l What is dark matter?
l How is neutrino mass generated?
l Why is the Higgs boson so light?
l Why do the proton and electron have same 

magnitude of charge?
l Why is antimatter so scarce in the Universe 

compared to matter?
l …

Where do we look for more CP violation ?

ØDecays of B-mesons 
ØD-coefficient in nuclear beta-decay 
ØDouble polarized neutron transmission 
ØAngular decay correlations of positronium 
ØNeutrino oscillations 
ØNeutrino less Double Beta Decay 0νββ
ØNuclear magnetic quadrupole moments 
ØElectric Dipole Moment (EDM)
Ø…



Particle Beyond Standard Model propagating
⇒ EDM appeared 

Electric Dipole Moment：EDM

Vacuum polarization ~ quantum correction effect

d

= qr


電気双極子能率：d
Electric Dipole Moment

EDM

Time reversal violation 

CPT invariance 

CP violation 
（matter-antimatter asymmetry）
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! 𝑛%: leading-loop order
𝑚$: mass scale of BSM

Mass of unknown particle：mX

Unknown particle 
Propagation 

Cloud of virtual particles

Uncertainty principle
ΔE×Δt ～ ħ

Microscopic 

Quantum 
electron

High energy physics：E=mc2

EDMs to E-fields as MDMs to B-fields

6th HAW C1.3 - Pears @ FRIB - JTS

1 cm

Unit
EDM

+e-e

2023-11-28

Theorist: …trivial application of the Wigner-Eckart Theorem…
Experimentalist: ...blah blah blah Wigner-someone something…
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adapted from B. Filippone:
Classical 



Assuming EDM ~ 10-28 e・cm

電子の古典半径 ~ 3 fm
地球の半径 ~ 6400 km

“The Blue Marble”, NASA

electron

~ 2 nm-e
+e

|de| = 10-28 e cm
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Quite small size of EDM 



Permanent Electric Dipole Moment (EDM)
A probe for CP violation (T violation)
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Search for symmetry breaking
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e-EDM
(loop)

n-EDM
(loop)

μ→e γ (loop)

μ→e conversion (tree)

Proton decay (tree)
Λ (GeV)

Sensitivities of current experimental bounds on new physics scale (Λ).  
Only one loop factors are included for the loop processes.  
Small symmetry breaking parameters suppress the sensitivities. 

EDMs and muon LFV are important to probe new physics at and beyond TeV scale  

Possible verification of electroweak baryogenesis by electric dipole moments
EDM〜10-30 ecm ： one of the milestone 

K. Fuyuto et al. / Physics Letters B 755 (2016) 491–497 493

Fig. 2. Two-loop Barr–Zee diagrams induced by the BAU-related CP violation (left) 
and the BAU-unrelated one (right). The blobs indicate the mass insertions. Here, 
h and hS are the Higgs bosons coming from the doublet and singlet, respectively. 
The size of the h-hS mixing is intimately related to strength of the strong first-order 
EWPT in the tree potential driven scenario.

As is well known, Sψi has a resonant enhancement at mi = m j , 
the behavior of which comes from Gij . Since ωi, j ≫ #i, j , one may 
approximate Gij as

Gij ≃ −1
2

ω2
− − #2

+
(ω2

− + #2
+)2

+ O

(
1

ω2
+

)

. (8)

One can see that Gij has a peak at ω− = 0, which can yield the 
dominant source for the BAU.

We now study the impact of Im(cLc∗
R) on the EDM. Since the 

new fermions have the EW charges, the following interactions 
exist.

L = g2√
2

(
ψ+γ µψi W

+
µ + ψ iγ

µψ+W −
µ

)
− eψ+γ µψ+ Aµ, (9)

where ψ± denote electrically charged members in the SU(2)L mul-
tiplet fermion. We assume that ψi is the neutral member of the 
same multiplet. In this case, the W W -mediated Barr–Zee diagram 
is induced, as shown in Fig. 2.2 The EDM of a fermion f using the 
mass insertion method is given by

dW W
f

e
= ∓ α2

em

64π2s4
W

m f mψ±m j va vb

m4
W

Im(cLc∗
R)F W W

≡ C W W
EDM Im(cLc∗

R). (10)

where the negative (positive) sign is the case that f is up-type 
(down-type) fermion, F W W = ( f W W (ri, r+) − f W W (r j, r+))/(m2

i −
m2

j ) with ri = m2
i /m2

W , r j = m2
j /m2

W and r± = m2
ψ±/m2

W . The ex-
plicit form of f W W is given in Ref. [21]. We emphasize that unlike 
Sψi (X) in Eq. (4), Eq. (10) does not vanish for (a, b) = (1, 1) or 
(2, 2), in addition, dW W

f /e is not enhanced at mi = m j , which 
are the prominent differences between the two CP-violating quan-
tities. One may find that dW W

f /e ∝ m f m j/m3
i for mi ≫ m j and 

dW W
f /e ∝ m f /(mim j) for m j ≫ mi , which signifies another distinct 

feature of the EDM as discussed below. In what follows, we confine 
ourself to the cases of (a, b) = (2, 1) and (1, 2).

It is worth making a comment on that the mass insertion 
method used in Eq. (10) not only makes it easy to see the rela-
tionship between the CP-violating source term and the EDM but 
also gives the numerically good approximation.

2 Here, we assume that the Higgs sector is CP conserving and extra Higgs bosons 
are sufficiently heavy. Under this assumption, the charged Higgs W -mediated Barr–
Zee contribution induced by the same CP phase would be subdominant and the 
following discussion would not be altered drastically. The case without this assump-
tion will be given in [18]. For a discussion of the EDMs in the CP-violating MSSM 
and 2HDM, see, e.g., Refs. [19,20].

Fig. 3. S̄ψi as a function of mi with a fixed m j and the other away around. We set 
tanβ = 1 and the fixed mass is 500 GeV.

Eliminating Im(cLc∗
R) in Eq. (4) using Eq. (10), one finds

Sψi = CBAU

C W W
EDM

(
dW W

f

e

)

. (11)

In order to see the correlation between Sψi and dW W
f /e in more 

detail, we define

S̄ψi = CBAU

v2(X)β̇(X)C W W
EDM

·
(

dW W
f

e

)

EXP

. (12)

In what follows, we consider the electron EDM as the experimental 
constraint, i.e., |dexp

e | = 8.7 × 10−29 e · cm [22]. Here, we get rid of 
v2(X)β̇(x) in CBAU since it is rather model dependent.

In Fig. 3, S̄ψi is plotted as a function of mi with a fixed m j
or the other away around. As an example, we take tan β = 1, and 
the fixed mass is set to 500 GeV. As explained above CBAU has a 
peak at mi = m j . However, the decoupling behaviors in the large 
mass limits are substantially different from each other. For the 
varying m j case, S̄ψi becomes more or less flat in the large mass 
region while it grows for the varying mi case. The latter is due 
to the rapid suppression of C W W

EDM that scales as m j/m3
i as men-

tioned above. Note that Im(cLc∗
R) ! 1 for mi ! 1 TeV since dW W

f /e
is fixed.

Now we move on to discuss a possibility that the aforemen-
tioned correlation between the CP-violating source term and the 
EDM is spoiled by contamination of BAU-unrelated CP violation. 
As delineated below, such a situation can arise when we address 
the issue of the strong first-order EWPT.

The SM Higgs sector has to be extended in such a way that 
the EWPT is of first order. There are two representative cases for 
achieving this:

• Thermal loop driven case
• Tree potential driven case

For example, the former corresponds to the SM, MSSM and a two 
Higgs doublet model (2HDM) and so on. In such cases, the cubic-
like terms arising from the bosonic thermal loops play an essential 
role in inducing the first-order EWPT. In the latter case, on the 
other hand, a specific structure of a tree-level Higgs potential is 
the dominant source for generating a barrier separating the two 
degenerate minima at a critical temperature. One of such an ex-
ample is the EWPT in the SM with a real singlet Higgs boson 
(rSM) [23,24]. In this case, nonzero doublet-singlet Higgs mixing 
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The relevant interactions among the EW-interacting fermions 
and Higgs bosons are

Lint
!̃S̃

∋ −
∑

i=1,2

Hi H̃+
(

g S
Hi

¯̃H H̃
+ iγ5 g P

Hi
¯̃H H̃

)
H̃+

+
[

H̃0
(

cH̃0 S̃
L φ0

2 P L + cH̃0 S̃
R φ0

1 P R

)
S̃ + h.c.

]
, (21)

where the fermions are expressed in terms of the four-component 
spinors. Each coupling is respectively given by

g S
H1

¯̃H H̃
= |λ| cosφλH̃ sγ , g P

H1
¯̃H H̃

= −|λ| sin φλH̃ sγ , (22)

g S
H2

¯̃H H̃
= |λ| cosφλH̃ cγ , g P

H2
¯̃H H̃

= −|λ| sin φλH̃ cγ , (23)

cH̃0 S̃
L = −c12e−iφS̃ /2, cH̃0 S̃

R = c∗
21ei(φH̃ +φ S̃ /2), (24)

where we have defined λ = |λ|eiφλ , µ +λv S = |µ +λv S |eiφH̃ , µ S̃ =
|µ S̃ |eiφ S̃ and φλH̃ = φλ − φH̃ . As discussed in the previous section, 
the interactions in the second line of Eq. (21) plays an essential 
role in generating the CP-violating term that fuels the BAU. For 
notational simplicity, we define φ = −(φH̃ + φ S̃) hereafter.

4. Numerical analysis

Following a calculation method formulated and developed in 
Refs. [8,27,31], we estimate nB by

nB = −3%
(s)
B

2Dqλ+

0∫

−∞
dz′nL(z′)e−λ−z′

, (25)

where λ± =
[

v w ±
√

v2
w + 4RDq

]
/(2Dq), %(s)

B is a baryon num-

ber changing rate in the symmetric phase, v w is a velocity of the 
bubble wall, Dq is a diffusion constant of the quarks, and R is a 
relaxation term, which is (15/4)%

(s)
B in our model. nL is the total 

number density of all the left-handed quarks and leptons [27,31,
32]. We follow the estimation of nL performed in [27].

Since the EWPT is reduced to that in the rSM, we adopt S2 sce-
nario investigated in Ref. [24] as a benchmark in which mH2 =
170 GeV, cosγ ≃ 0.94 and vC /TC = 206.75 GeV/111.76 GeV. In 
addition, we take tan β = 1, v w = 0.4, %H̃ = 0.025T , % S̃ = 0.003T , 
and use an approximation, β̇ = v w'β/Lw taking 'β = 0.015. Un-
der this assumption, nB does not depend on Lw . Moreover, the 
constant VEV but vC /2 is used in calculating nB , which may give a 
simple approximation of kink-type VEV [18]. For the heavy Higgs 
boson masses, we set 400 GeV, and for a softly Z2 broken mass, 
which is a mixing mass between !1 and !2, 250 GeV is taken. For 
the other parameters, we refer to the values adopted in Ref. [11]. In 
the following, the electron EDM is calculated in the mass eigenba-
sis of the neutral fermions rather than the mass insertion method, 
although the both are not much numerically different.

We first present the case where the electron EDM is induced 
by only the W W -mediated Barr–Zee diagram. In Fig. 4, contours 
of Y B/Y obs

B and |de| are shown in the (mH̃ , mS̃) plane. We take 
|cH̃0 S̃

L | = |cH̃0 S̃
R | = 0.42, φ = 225◦ and |λ| = 0. Here, φ is chosen in 

such a way that the cancellation in %CPC is effective. In this figure, 
the orange region is excluded by the current experimental limit 
of the electron EDM, |dexp

e | < 8.7 × 10−29 e · cm, and the dashed 
line corresponds to |de| = 1.0 × 10−29 e · cm which is reachable by 
the future experiments [33]. The black solid (dashed) line indicates 
Y B/Y obs

B = 1 (0.1). One can see that |de | gets rapidly suppressed as 
mH̃ increases but does not in the large mS̃ case, as discussed in 
Sec. 2. Furthermore, the BAU is sufficiently generated if mH̃ ≃ mS̃

Fig. 4. The contours of Y B/Y obs
B and |de | in the (mH̃ , mS̃ ) plane. The region colored 

in orange is excluded by the current experimental limit of the electron EDM, and 
the orange dashed line corresponds to |de| = 1.0 × 10−29 e · cm. The black solid and 
dashed lines represent Y B/Y obs

B = 1 and 0.1, respectively. We set |cH̃0 S̃
L | = |cH̃0 S̃

R | =
0.42 and φ = 225◦ . (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

Fig. 5. Impact of BAU-unrelated CP violation on |de |. The region colored in red is ex-
cluded by the current experimental limit of the electron EDM, and the red dashed 
line corresponds to |dsum

e | = |dW W
e + dHγ

e | = 0. The gray lines represent µγ γ =
1.1, 1.0, 0.9 and 0.8 from top to bottom. The input parameters are the same as 
in Fig. 4, but with mH̃ = 300 GeV and mS̃ = 277 GeV, which gives Y B /Y obs

B = 1. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

due to the resonant effect. Our result shows that the successful 
EWBG region would be entirely verified by the future experiments 
of the electron EDM even if the BAU calculated here is underes-
timated by a factor of 10 or even more due to lack of precise 
knowledge of the bubble profiles etc.

Next, we consider the case in which the BAU-unrelated CP-
violating phase φλH̃ comes into play. Fig. 5 shows the elec-
tron EDM in the (|λ|, φλH̃ ) plane. In this figure, we take the 
same input parameters as in Fig. 4, but with mH̃ = 300 GeV and 
mS̃ = 277 GeV, which yields Y B/Y obs

B = 1. Here, we define dsum
e =

dW W
e +dHγ

e . Note that dH Z
e is accidentally suppressed with a factor 

of (1/4 −sin2 θW ) ≃ 0.02 and thus numerically unimportant. While 
the red region is excluded by the current limit of the electron EDM, 
the dashed line indicates the exquisite cancellation between dW W

e

and dHγ
e , resulting in dsum

e = 0.
In such a case, it is worth while to consider the other EDMs 

which might be complementary. The naive estimates show that 
du ∼ −1/3(mu/me)dW W

e and dd ∼ 2/3(md/me)dW W
e under the 

condition of dsum
e = 0, which lead to dn ∼ dp ∼ O(1) ×10−28 e ·cm. 

Although the current experimental bounds of dn and dp are not 
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Figure 1. The experimental upper limits on the value of the electron EDM translated into a limit on the probed energy scale
through de = e↵n sin� (me/⇤

2). Here ↵ is the fine-structure constant, n is the number of loops needed to generate the eEDM.
� is a typical CP-violating phase, which is set to the maximum value of ⇡/2, and ⇤ is the energy scale that is being probed. The
regions above the dotted lines are the energy ranges that are excluded for the indicated classes of models. The models di↵er in
the number of loops required to generate an eEDM. The eEDM value predicted by the Standard Model, in which the eEDM
only appears at 4-loop level, is of the order of 10�38 e·cm.

sions. Improved eEDM experiments will probe energies
approaching the PeV scale and will thereby contribute to
the roadmap of particle physics beyond the LHC.

In this article, we outline our plans to construct and
perform an experiment to search for an eEDM with an in-
tense cold beam of barium monofluoride (BaF) molecules.
Our program exploits novel techniques to manipulate and
control the quantum states of molecules with electric, mag-
netic and light fields. Such methods have in recent years
promoted diatomic molecules to ultrasensitive probes of
particle physics [9, 10]. We show that this experiment will
be sensitive to an eEDM value of de = 5⇥(10�30) e·cm,
which is an improvement by more than one order of mag-
nitude compared to the current upper limit.

2 The eEDM in atoms and molecules

Searches for permanent dipole moments of fundamen-
tal particles started already before the discovery of P and
CP violation, with the investigation of the neutron [11].
Ref. [12] contains an early proposal to measure the EDM
of the proton. In later years, atomic species such as mer-
cury [13], thallium [14], and xenon [15] were employed in
dedicated searches for a permanent EDM and the accom-
panying CP violation, and the neutron also remained at
the focus of attention [16]. For a historical overview of this
field of research we refer to Ref. [17].

The EDM of composite systems, such as atoms or
molecules, can originate in nuclear or electronic contri-
butions (or both), depending on the electronic structure.
In addition, in such systems, large enhancement factors
can occur for the particle EDMs due to the strong inter-
nal electric field near a heavy nucleus. This enhancement
is denoted the e↵ective electric field (Ee↵). In some atoms
these enhancements can reach values of 103-104, while in
molecules they can go up to 106 [18]. Such systems there-
fore form sensitive testing grounds for probing new sources
of CP violation. In paramagnetic systems, CP violation
gives rise not only to an eEDM, which is usually the focus
of the investigations, but also to semileptonic CP-violating
interactions between the electrons and the quarks in the
atomic nuclei. Theoretical tools are needed to disentan-
gle the di↵erent contributions and to relate these to CP-
violating observables measured at colliders [19, 20].

In recent years, experiments with neutral diatomics
have set new stringent experimental eEDM limits. The
Hinds group at Imperial College, London, uses a super-
sonic beam of YbF molecules [7]; YbF is predicted to
have Ee↵ of 23 GV/cm [21]. The ACME collaboration at
Yale/Harvard uses a bu↵er-gas beam of metastable ThO
molecules [8], exploiting the large predicted Ee↵ in the
range of 75-84 GV/cm [22, 23, 24, 25, 26, 27]. The lat-
ter experiment was sensitive to frequency shifts of < 6
mHz or an energy shift of < 3⇥ 10�18 eV (3 aeV), which
can be translated, knowing the Ee↵ , to a limit on the
electron-EDM of |de| < 8.7 ⇥ 10�29 e·cm. This is cur-
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2). Here ↵ is the fine-structure constant, n is the number of loops needed to generate the eEDM.
� is a typical CP-violating phase, which is set to the maximum value of ⇡/2, and ⇤ is the energy scale that is being probed. The
regions above the dotted lines are the energy ranges that are excluded for the indicated classes of models. The models di↵er in
the number of loops required to generate an eEDM. The eEDM value predicted by the Standard Model, in which the eEDM
only appears at 4-loop level, is of the order of 10�38 e·cm.

sions. Improved eEDM experiments will probe energies
approaching the PeV scale and will thereby contribute to
the roadmap of particle physics beyond the LHC.

In this article, we outline our plans to construct and
perform an experiment to search for an eEDM with an in-
tense cold beam of barium monofluoride (BaF) molecules.
Our program exploits novel techniques to manipulate and
control the quantum states of molecules with electric, mag-
netic and light fields. Such methods have in recent years
promoted diatomic molecules to ultrasensitive probes of
particle physics [9, 10]. We show that this experiment will
be sensitive to an eEDM value of de = 5⇥(10�30) e·cm,
which is an improvement by more than one order of mag-
nitude compared to the current upper limit.

2 The eEDM in atoms and molecules

Searches for permanent dipole moments of fundamen-
tal particles started already before the discovery of P and
CP violation, with the investigation of the neutron [11].
Ref. [12] contains an early proposal to measure the EDM
of the proton. In later years, atomic species such as mer-
cury [13], thallium [14], and xenon [15] were employed in
dedicated searches for a permanent EDM and the accom-
panying CP violation, and the neutron also remained at
the focus of attention [16]. For a historical overview of this
field of research we refer to Ref. [17].

The EDM of composite systems, such as atoms or
molecules, can originate in nuclear or electronic contri-
butions (or both), depending on the electronic structure.
In addition, in such systems, large enhancement factors
can occur for the particle EDMs due to the strong inter-
nal electric field near a heavy nucleus. This enhancement
is denoted the e↵ective electric field (Ee↵). In some atoms
these enhancements can reach values of 103-104, while in
molecules they can go up to 106 [18]. Such systems there-
fore form sensitive testing grounds for probing new sources
of CP violation. In paramagnetic systems, CP violation
gives rise not only to an eEDM, which is usually the focus
of the investigations, but also to semileptonic CP-violating
interactions between the electrons and the quarks in the
atomic nuclei. Theoretical tools are needed to disentan-
gle the di↵erent contributions and to relate these to CP-
violating observables measured at colliders [19, 20].

In recent years, experiments with neutral diatomics
have set new stringent experimental eEDM limits. The
Hinds group at Imperial College, London, uses a super-
sonic beam of YbF molecules [7]; YbF is predicted to
have Ee↵ of 23 GV/cm [21]. The ACME collaboration at
Yale/Harvard uses a bu↵er-gas beam of metastable ThO
molecules [8], exploiting the large predicted Ee↵ in the
range of 75-84 GV/cm [22, 23, 24, 25, 26, 27]. The lat-
ter experiment was sensitive to frequency shifts of < 6
mHz or an energy shift of < 3⇥ 10�18 eV (3 aeV), which
can be translated, knowing the Ee↵ , to a limit on the
electron-EDM of |de| < 8.7 ⇥ 10�29 e·cm. This is cur-

EDM in models extended 
by an extra Higgs doublet model



Heavy Elements (Radioisotope) 
~ microscope to detect the CP violation~  
重元素～CP対称性の破れ（EDM）を拡大する顕微鏡

l 相対論効果 relativistic effects

l 原子核変形効果 octupole deformation 
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A Little on Parity Doublets
When intrinsic state | i is asymmetric, it breaks parity.

In the same way we get good J, we average over orientations to get
states with good parity:

|±i = 1p
2

�
| i ± | i

�

These are nearly degenerate if deformation is rigid. So with
|0i = |+i and |0i = |-i, we get

hSi ⇡ h0|Sz |0i h0|VPT |0i
E0 - E0

+ c.c.

And in the rigid-deformation limit

h0|O|0i / h |O| i= hOiintr.

again like angular momentum.Fr
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momentum of the state and p is its parity. (For 224Ra the previously
measured value of t21 cannot be determined independently as the
21 R 01 transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 21 R 01 E2 transition (220Rn) and
for the 41 R 21 E2 transition (224Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for 220Rn and 224Ra
are given in Table 1. The values of the intrinsic moments, Ql, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
I and I9 induced to undergo a transition by the electromagnetic oper-
ator El, ,I9jjEljjI., assuming the validity of the rotational model22.
Here l 5 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape32.
Table 2 compares the experimental values of Ql derived from the
matrix elements connecting the lowest states for nuclei near Z 5 88
and N 5 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between 208Pb and 234U, the E3
moment changes by only 50% in the entire mass region. Nevertheless,
the larger Q3 values for 224Ra and 226Ra indicate an enhancement in
octupole collectivity that is consistent with an onset of octupole
deformation inthis mass region. On the other hand, 220Rn has similar
octupole strength to 208Pb, 230,232Th and 234U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as ,12jjE3jj41., because an aligned
octupole phonon would couple the 41 state to a 72 state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for 148Nd in the Z < 56, N < 88 octupole
region33, while for 226Ra the intrinsic moment derived from the
measured ,12jjE3jj41. is similar to that derived from the value
of ,01jjE3jj32. (ref. 23). The deduced shapes of 220Rn and 224Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation b2 and b3 were extracted from the dependence of the
measured Q2 and Q3 on the generalized nuclear shape34.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels7 (relative alignment of the negative-parity band to the positive-
parity band) that the even–even isotopes 218–222Rn and 220Ra have
vibrational behaviour while 222–228Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass 219Ra there is no
evidence35 for parity doubling, whereas for 221Ra a parity doublet of
states with I 5 5/2 separated by 103.6 keV has been observed36. In the
Ba–Nd region with Z < 56 and N < 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive37,38. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment15 is unlikely to be met
in 219,221Rn. On the other hand 223,225Ra, having parity doublets sepa-
rated by ,50 keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Ql, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q1 for 224Ra, measured here for the first time, has been noted
elsewhere9,13,39. The measured Q1 and Q2 values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree–Fock–Bogoliubov (HFB) self-consistent
mean field theory16, particularly using the D1M parameterization40.
However, as remarked earlier, the trend of the experimental data is
that the values of Q3 decrease from a peak near 226Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations17. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations14 predict that the
maximum value of Q3 occurs for radium isotopes between A 5 226
and 230, depending on the parameterization, and Skyrme Hartree–
Fock calculations15 predict that 226Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 32 states that should be
added (without energy weighting) to the observed coupling to the

Table 2 | The values of the E2 and E3 intrinsic moments, Ql

Ql Nucleus

208Pb 220Rn 224Ra 226Ra 230Th 232Th 234U

Q2 (e fm2) 179 6 4 (ref. 44) 434 6 14 632 6 10 717 6 3 (ref. 23) 900 6 6 (ref. 45) 932 6 5 (ref. 46) 1,047 6 5 (ref. 45)
Q3 (e fm3) 2,100 6 20 (ref. 44) 2,180 6 130 2,520 6 90 2,890 6 80 (ref. 23) 2140 6 100 (ref. 47) 1970 6 100 (ref. 48) 2,060 6 120 (ref. 47)

Values of Ql given here are derived from the matrix elements (seeFig. 3 legend) connecting the lowest-lying states in nuclei near Z 5 88 and N 5 134. The values for 220Rn and 224Ra are taken from the present work.
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Figure 4 | Graphical representation of the shapes of 220Rn and 224Ra.
a, 220Rn; b, 224Ra. Panel a depicts vibrational motion about symmetry between
the surface shown and the red outline, whereas b depicts static deformation in

the intrinsic frame. Theoretical values of b4 are taken from ref. 10. The colour
scale, blue to red, represents the y-values of the surface. The nuclear shape does
not change under rotation about the z axis.
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A Brief Introduction to EDMs
Coupled-Cluster Method

Results for the Fr EDM EF
Preliminary Conclusions

CC Results for VN orbitals
CC Results for VN�1 orbitals
CI Results for VN orbitals
CC Results for S-PS EDM EF
CC results for 7s Hyperfine constant

Preliminary results of the Electron EDM EF for Fr
VN potential and Configuration Interaction (CI) Method

Basis set no. corr.ele./ eEDM EF % corr.
Name Details no. virtuals Dirac-Fock CISD

dyall.cv2z 27s 24p 15d 8f 19/83 784.34 893.44 12.21
41/113 898.23 12.68
59/201 900.50 12.90

dyall.cv3z 34s 30p 19d 12f 1g 19/179 789.43 897.19 12.01
dyall.cv4z 38s 35p 24d 19f 4g 1h 19/261 789.64 895.37 11.81

The correlation trends are clearly di↵erent from that of CCSD approach.

Results seem to be in agreement with the published results.

Correlation (CCSD-DF) seems to be positive always.

Results seem to be saturated even with the truncated DZ basis itself.

The % correlation seems to be more or less constant around 12%.

BUT...? The CISDT result for the smallest (DZ: 19/83) case is 817.29 which

is ⇠ 8.5% of its CISD contribution. In contrast CCSDT contribution is only

0.9% of its CCSD contribution. CISD result, therefore, is not reliable.

H. S. Nataraj Calculations of Fr EDM EF 20/ 24

14

Atom "#
$#K $%

&'Rb ''
"$$Cs &%

(")Fr

𝑅 2.42 27.5 114 799
P. G. H. Sandars, Phys. Lett. 22, 290 (1966).
H. S. Nataraj et al. PRL 101, 033002 (2008).

N. Shitara et al. JHEP 2021, 124 (2021).
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FIG. 1. Goldstone diagrams of the (a) DS(1)
1 , (b) DS(1)

2 ,

and (c) DT (1)
1 contributions to the RCCSD expression of the

atomic EDM. The h.c. diagrams and the exchange term dia-
grams are not shown.
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FIG. 2. Goldstone diagram representation of the DS(1)
1 term,

expanded in terms of perturbations in the residual interaction.
The first term on the right hand side of the equality shows
the first order perturbed term in the residual Coulomb inter-
action, and the second term shows a second order perturbed
term in the residual interaction.
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In this calculation, we employ the RCC singles and
doubles (RCCSD) approximation, where we consider
only one and two-particle excitations, so that the excita-
tion operators are defined like

T
(0/1) = T

(0/1)
1 + T

(0/1)
2 , (34)

and S
(0/1) = S

(0/1)
1 + S

(0/1)
2 . (35)

We have considered excitations of all electrons from the
core orbitals in this calculation.

IV. RESULTS

The results of our RCC calculation of R of 210Fr using
the DC Hamiltonian, and the DF and leading RCC terms
contributing to it, are shown in Table II. Note here that
the DF terms are not included in the total sum of the
contributions listed, because the DF terms are actually
already embedded within the RCC terms listed. Table II
also compares our results with the results of a previous
RCC calculation of the same atom, and with previous
calculations using other many-body methods. We ob-
tain R = 812, which is about 10% less than the value
calculated by Mukherjee et al. [43]. We note that while

TABLE II. DF and the leading RCC contributions to R of
the atomic EDM of 210Fr using the DC Hamiltonian, calcu-
lated using the RCCSD method. These values are compared
against previous calculations by Mukherjee et al. [43] (also
calculated using the RCCSD method), by Byrnes et al. [42],
and by Sandars [41]. “Norm.” refers to the correction due to
normalization of the RCC wave function, and “Extra” refers
to contributions due to terms not listed in the table, which
have been calculated.

Terms from RCC theory This work Other [43]

DF (core) 24.85 25.77
DF (valence) 702.39 695.44

D̄T (1)
1 + h.c. 44.05 43.39

D̄S(1)
1 + h.c. 889.18 1000.19

D̄S(1)
2 + h.c. -49.46 -64.94

S(0)
1

†
D̄S(1)

1 + h.c. -14.15 -18.07

S(0)
2

†
D̄S(1)

1 + h.c. -48.45 -59.18

S(0)
1

†
D̄S(1)

2 + h.c. -3.84 -2.80

S(0)
2

†
D̄S(1)

2 + h.c. 11.99 19.26
Extra 4.98 1.51
Norm. -22.11 -24.42
Total 812.19 894.93

Total from other many-body methods
Ref. [42] 910(46)
Ref. [41] 1150

the values of each contribution di↵er between our result
and the previous RCC result, the trend of the relative
magnitudes of each contribution remain similar. Of the
contributing terms listed, the largest term is given by

D̄S
(1)
1 + h.c., whose diagram is indicated in Fig. 1 (a).

This term predominantly contains contributions due to

the BPC. The next largest term is given by D̄S
(1)
2 + h.c.

This term predominantly contains contributions due to
electron core polarization (ECP) interactions which are
mediated through the Coulomb interaction. This inter-
action is less important than the BPC, and thus gives a
smaller contribution. Another comparable large term is

the S(0)
2

†
D̄S

(1)
1 + h.c. term. This has a large contribution

because it contains both BPC and ECP contributions.
Finally, D̄T

(1)
1 + h.c. gives the next leading contribution.

This term contains mainly ECP interactions which are
mediated through the EDM interaction, unlike the terms

in D̄S
(1)
2 + h.c. D̄T

(1)
1 + h.c. also contains the core DF

contribution. From these results we see the relative im-
portance of BPC and ECP e↵ects on the R of Fr.

The result given by Sandars in Ref. [41] is evaluated by
considering a central force potential experienced by the
valence electron due to the nucleus and the core electrons.
Thus, his result is very approximate and the di↵erences
between his result and later results are not surprising.
The discrepancy between our result and that of Byrnes
et al. [42] comes from two di↵erences in the methodology.
The first is that Byrnes et al. have used a combination
of ab initio and semi-empirical methods to obtain their
result [42], while our result is evaluated completely ab

Fr
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TABLE VIII. DF and the leading RCC contributions to
R of the atomic EDM of 210Fr using the DC Hamiltonian
with Breit interaction correction terms, calculated using the
RCCSD method. “Norm.” refers to the correction due to
normalization of the RCC wave function, and “Extra” refers
to contributions due to terms not listed in the table, which
have been calculated.

Terms DC results DC + Breit results

DF (core) 24.85 24.76
DF (valence) 702.39 694.87

D̄T (1)
1 + h.c. 44.05 43.99

D̄S(1)
1 + h.c. 889.18 880.11

D̄S(1)
2 + h.c. -49.46 -49.07

S(0)
1

†
D̄S(1)

1 + h.c. -14.15 -14.05

S(0)
2

†
D̄S(1)

1 + h.c. -48.45 -48.02

S(0)
1

†
D̄S(1)

2 + h.c. -3.84 -3.81

S(0)
2

†
D̄S(1)

2 + h.c. 11.99 11.90
Extra 4.98 4.96
Norm. -22.11 -21.92
Total 812.19 804.08

volving the valence electron more significantly. Table IX
shows the RCC contributions to R for 210Fr with approx-
imate QED e↵ects accounted for. It can be seen that the

TABLE IX. DF and the leading RCC contributions to R of the
atomic EDM of 210Fr using the DC Hamiltonian with approx-
imate QED corrections, calculated using the RCCSD method.
“Norm.” refers to the correction due to normalization of the
RCC wave function, and “Extra” refers to contributions due
to terms not listed in the table, which have been calculated.

Terms DC results DC + QED results

DF (core) 24.85 24.74
DF (valence) 702.39 701.96

D̄T (1)
1 + h.c. 44.05 43.84

D̄S(1)
1 + h.c. 889.18 888.70

D̄S(1)
2 + h.c. -49.46 -49.42

S(0)
1

†
D̄S(1)

1 + h.c. -14.15 -14.12

S(0)
2

†
D̄S(1)

1 + h.c. -48.45 -48.44

S(0)
1

†
D̄S(1)

2 + h.c. -3.84 -3.83

S(0)
2

†
D̄S(1)

2 + h.c. 11.99 11.99
Extra 4.98 4.95
Norm. -22.11 -22.09
Total 812.19 811.57

QED corrections reduce the value of R slightly, mainly

due to the reduction in the D̄T
(1)
1 + h.c. and D̄S

(1)
1 + h.c.

terms, but overall the di↵erence is very small, at about
-0.62, or -0.076%.

Finally, e↵ective three particle-three hole excitation
contributions were calculated using the DC Hamiltonian
through a perturbative method [8]. In total, this resulted
in a correction of about -4.64 from the DC result, or a
-0.58% correction, as shown in Table X.

If we combine the Breit interaction correction, the ap-

TABLE X. R of the atomic EDM of 210Fr calculated using
the DF and the RCCSD methods, with various correction
terms included. “DC” refers to the result obtained using the
Dirac-Coulomb Hamiltonian, “QED” to approximate QED
correction terms, “Breit” to correction terms due to the Breit
interaction, and “pT” to the e↵ective three particle-three hole
excitation contribution terms.

Method Correction R

DF (DC) - 727.24
RCCSD (DC) 0 812.19
RCCSD (DC+Breit) -8.105 804.08
RCCSD (DC+QED) -0.621 811.57
RCCSD (DC+pT) -4.644 807.55
RCCSD (DC+Breit+QED+pT) -13.369 798.82

proximate QED correction, and the perturbative triples
correction, we obtain a final value of R = 799 for 210Fr.
We see from Table X that the three correction terms each
reduce the value of R from the RCCSD DC value, leading
to a smaller final value than the pure DC result. We note
that our work is the first to apply all of these correction
terms to the calculation of R for 210Fr.

V. CONCLUSION

Results for improved RCC calculations of the EDM
enhancement factor for 210Fr are presented in this work,
evaluated to be at R = 799, with an estimated error
of about 3%. This is about 11% smaller than the re-
sult from a previous calculation using an approximate
RCCSD method [43]. This di↵erence can be attributed
to the fact that the various approximations and short-
comings in the previous calculation were addressed in this
work, such as by the improvement of both the size and
quality of the basis functions used, and by the inclusion
of amplitudes of all multipoles and nonlinear RCC terms
using a self-consistent approach, applied to an open-shell
system for the first time here. We emphasize that we
have outlined the method of error evaluation more com-
prehensively than what is given in previous calculations
of the same atom, if given at all. A detailed analysis
of the many-body e↵ects contributing to the EDM en-
hancement of Fr was given as well, and it was found that
BPC and ECP e↵ects contribute most heavily to R. This
has shed light on the many-body physics involved in this
complex phenomenon. This work has also included cor-
rections due to the Breit interaction and QED e↵ects,
as well as contributions due to perturbative triple ex-
citations, which previous Fr EDM calculations have not
included. The improved RCC method has also been used
to evaluate the magnetic dipole hyperfine constants and
the E1 transition amplitudes of selected states of 210Fr
and compared against available experimental and theo-
retical results, with relevant correction terms included.
Our results showed excellent agreement with both ex-
periment and other detailed theoretical calculations, and
have demonstrated the versatility of our RCC method in

l Electron correlation : included 
l Any configurations of electron excitations 
l Including quantum effects (vacuum polarization..)
l Cs, Rb : ready 
l Fr calculation 〜 enhancement : 799

Calculation 
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〜 10 years 
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momentum of the state and p is its parity. (For 224Ra the previously
measured value of t21 cannot be determined independently as the
21 R 01 transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 21 R 01 E2 transition (220Rn) and
for the 41 R 21 E2 transition (224Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for 220Rn and 224Ra
are given in Table 1. The values of the intrinsic moments, Ql, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
I and I9 induced to undergo a transition by the electromagnetic oper-
ator El, ,I9jjEljjI., assuming the validity of the rotational model22.
Here l 5 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape32.
Table 2 compares the experimental values of Ql derived from the
matrix elements connecting the lowest states for nuclei near Z 5 88
and N 5 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between 208Pb and 234U, the E3
moment changes by only 50% in the entire mass region. Nevertheless,
the larger Q3 values for 224Ra and 226Ra indicate an enhancement in
octupole collectivity that is consistent with an onset of octupole
deformation inthis mass region. On the other hand, 220Rn has similar
octupole strength to 208Pb, 230,232Th and 234U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as ,12jjE3jj41., because an aligned
octupole phonon would couple the 41 state to a 72 state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for 148Nd in the Z < 56, N < 88 octupole
region33, while for 226Ra the intrinsic moment derived from the
measured ,12jjE3jj41. is similar to that derived from the value
of ,01jjE3jj32. (ref. 23). The deduced shapes of 220Rn and 224Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation b2 and b3 were extracted from the dependence of the
measured Q2 and Q3 on the generalized nuclear shape34.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels7 (relative alignment of the negative-parity band to the positive-
parity band) that the even–even isotopes 218–222Rn and 220Ra have
vibrational behaviour while 222–228Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass 219Ra there is no
evidence35 for parity doubling, whereas for 221Ra a parity doublet of
states with I 5 5/2 separated by 103.6 keV has been observed36. In the
Ba–Nd region with Z < 56 and N < 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive37,38. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment15 is unlikely to be met
in 219,221Rn. On the other hand 223,225Ra, having parity doublets sepa-
rated by ,50 keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Ql, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q1 for 224Ra, measured here for the first time, has been noted
elsewhere9,13,39. The measured Q1 and Q2 values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree–Fock–Bogoliubov (HFB) self-consistent
mean field theory16, particularly using the D1M parameterization40.
However, as remarked earlier, the trend of the experimental data is
that the values of Q3 decrease from a peak near 226Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations17. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations14 predict that the
maximum value of Q3 occurs for radium isotopes between A 5 226
and 230, depending on the parameterization, and Skyrme Hartree–
Fock calculations15 predict that 226Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 32 states that should be
added (without energy weighting) to the observed coupling to the

Table 2 | The values of the E2 and E3 intrinsic moments, Ql

Ql Nucleus

208Pb 220Rn 224Ra 226Ra 230Th 232Th 234U

Q2 (e fm2) 179 6 4 (ref. 44) 434 6 14 632 6 10 717 6 3 (ref. 23) 900 6 6 (ref. 45) 932 6 5 (ref. 46) 1,047 6 5 (ref. 45)
Q3 (e fm3) 2,100 6 20 (ref. 44) 2,180 6 130 2,520 6 90 2,890 6 80 (ref. 23) 2140 6 100 (ref. 47) 1970 6 100 (ref. 48) 2,060 6 120 (ref. 47)

Values of Ql given here are derived from the matrix elements (seeFig. 3 legend) connecting the lowest-lying states in nuclei near Z 5 88 and N 5 134. The values for 220Rn and 224Ra are taken from the present work.
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Figure 4 | Graphical representation of the shapes of 220Rn and 224Ra.
a, 220Rn; b, 224Ra. Panel a depicts vibrational motion about symmetry between
the surface shown and the red outline, whereas b depicts static deformation in

the intrinsic frame. Theoretical values of b4 are taken from ref. 10. The colour
scale, blue to red, represents the y-values of the surface. The nuclear shape does
not change under rotation about the z axis.
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Shitara, N., et al., J. High Energ. 
Phys. 2021(2021)124. 

210Fr
・Heaviest Alkali element
・eEDM enhancement

A Little on Parity Doublets
When intrinsic state | i is asymmetric, it breaks parity.

In the same way we get good J, we average over orientations to get
states with good parity:

|±i = 1p
2

�
| i ± | i

�

These are nearly degenerate if deformation is rigid. So with
|0i = |+i and |0i = |-i, we get

hSi ⇡ h0|Sz |0i h0|VPT |0i
E0 - E0

+ c.c.

And in the rigid-deformation limit

h0|O|0i / h |O| i= hOiintr.

again like angular momentum.

T1/2〜 5 min.

T1/2〜 3 min.



Always Measure Frequency 
Example: Spin Precession of a Spin-1/2 Particle

6th HAW C1.3 - Pears @ FRIB - JTS2023-11-28 14

Measurement of the EDM



Statistics & Systematics

Quantum Projection Noise:

6th HAW C1.3 - Pears @ FRIB - JTS

number of
detected particles
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time

Electric
field

integration
time

2023-11-28

<latexit sha1_base64="5HJE8YsiYd/+VDyu2uXj4oOI10s="></latexit>

�d?
Nm

“ ~
4E

?
NdT ⌧

15

EDM sensitivity

𝛿𝑑! ∼
ℎ

4𝜋𝑅𝐸𝑇 𝑛𝑁
Electric field Number of detected particles  Interaction time



Atomic beam

210Fr   Tl（world record）

799 K: enhancement 585
~102 sec t： interaction time ~10-3 sec
> 10-29 EDM (e・cm) ~10-27

Magneto-Optical Trap

Laser

1 nK 1 mK 1 K1 mK 1000 K
Room temp.liq. 4Heliq. 3He

Laser coolingEvaporative cooling
Temp.

BEC

n Large 𝑅 (～799) ： for Fr
Ø EDM enhancement factor

n Large 𝑛𝑁 （～107 Fr+/s from fusion 
reaction）

n Long 𝑇 ( >  10 s) : interaction time 
Ø Collision-suppressed trapping by the optical lattice

𝛿𝑑( ∼
ℎ

4𝜋𝑅𝐸𝑇 𝑛𝑁

Electron EDM search using laser-cooled Fr atoms



RIKEN RI BEAM FACTORY and EDM apparatus

 1

1 施設概要 
RIBF には、図 1 に示すとおりリニアック棟、仁科記念棟、RIBF 棟（RIBF 加速器棟、RIBF 実験棟）

が含まれます。理研（和光）の放射線障害予防規程では、これらの建物内の管理区域を仁科記念棟管理

区域群と定義しています。施設内の加速器の性能を表 1 に示します。 

 
図 1 RIBF 鳥瞰図 

 
表 1 加速器の諸元 

加速器 加速粒子 最大エネルギー（MeV/u） 最大強度（pPA*）

RILAC（重イオン線形加速器） He から U 6 から 1.5 10 
RILAC-II（重イオン線形加速器） Ar から U 0.7 20 

AVF（AVF サイクロトロン） H から Zr 30 から 5.8 25 (Ep>15MeV: 10) 
RRC（理研リングサイクロトロン） H から U 210 から 20 1 (E5,E6: 0.01) 

fRC（固定周波数リングサイクロトロン） Kr から U 50.8（固定） 1 
IRC（中間段リングサイクロトロン） H から U 127 から 115 1.5 から 0.45 
SRC（超伝導リングサイクロトロン） H から U 400 から 350 1 から 0.3 

RTM（マイクロトロン） 電子 150 MeV 67 nA（10 W）

SR2（シンクロトロン蓄積リング） 電子 700 MeV 105/energy mA 
RANS（小型中性子源） 陽子 7 MeV 100 

* 重イオンビームの強度を表す単位。「粒子（particle）micro ampere」とよぶ。加速イオンが１価と仮定
したときの電流に相当し、1 pPA=6.2×1012粒子／秒である。なおこの強度は文部科学省から得ている許可の
数値であり、現実にどのイオンでもこれに近い値が出るわけではない。ビームのエネルギーによってはさら
に大きい値が許されている場合がある。使用場所によっては低い値の場合もある。許可についての詳細は仁
科加速器研究センター所内向けホームページ「http://www.rarf.riken.jp/new/document/shiyoukyoka.doc」
を、利用可能なビーム強度については「http://www.nishina.riken.jp/UsersGuide/accelerator/tecinfo.html」
を参照のこと。 

 
2 管理区域の区分 

理研で定義された 2 種類の管理区域があります。 
1）第 1 種管理区域 

RIBF のほとんどは第 1 種管理区域です。外部放射線レベルが高くなる可能性があると同時に、表

面汚染の可能性がある管理区域です。 

RIBF 実験棟 

仁科記念棟 

RIBF 加速器棟 

 
28GHzSCECRIS 

リニアック棟 

① Fr-EDM beam line
For 210Fr ③ Laser sources

DMC
7

Surface 
ionizer

Neutralizer 

MOT/OL 

E7b
E7a

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

ECR ion source

Optical fiber 

〜 400 m 
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210Fr
Shitara, N., et al., J. High Energ. 
Phys. 2021(2021)124. 

• Radioactive  T1/2~3min
• Make it by nuclear fusion reaction 

Electron EDM enhancement 

Calculated by the relativistic coupled-cluster 
theory to an accuracy of about 3%



Fr-EDM beam line

① Fr production with fusion reaction 

② laser cooling for Fr

③ EDM search with the interferometer

Primary beam from AVF cyclotron



Fr ion production with nuclear fusion reaction

IR heater (2 kW, 1000℃)

18O6+

110 MeV
1 pμA

Fr+
100 eV

1 mm

Surface ionization probability 〜100%

α
Si 

detectorY 
neutralize

r

Diffusion
10 - 100 s
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8

High 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 absolute value of the eEDM implies that CP sym-
metry has been violated. At the same time, this would
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, we constructed 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 the gold 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
the Saha-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 (∼1 keV), 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 RIKEN Nishina Center
∗3 Waseda University Honjo Senior High School
∗4 Cyclotron and Radioisotope Center, Tohoku University
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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 the beam’s characteristics and
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 apparatus and performed an offline test. During the
offline test, we heated up the target to 400∼ 800 ◦C us-
ing the infrared heater and thermally ionized particles
already existing on the surface. These ionized particles
were monitored by the MCP, which allowed us to opti-
mise the voltages applied to the target and the deflec-
tion electrodes. We have confirmed that the optimised
voltages are consistent with our previous simulation 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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• 210Fr yield analysis

1. Fit energy spectrum with multi-skewed Gaussian

𝑓 𝐸 ∋ &
!'
exp ± ()*

'
+ +*

!'*
erfc &

!
± ()*

+
+ +

'

2. Fit decay curve at each peak

𝑆 𝑡 = ?𝑆,𝑒
) +,+-

./

3. Calculate ion beam flux

𝑓!&- =
.*-0

/*-0.*-00/*--.*--

12/
3112 # ⁄+- ./)# ⁄+0 ./

= 6.7)-.50-.6×105 s)&

• Extraction efficiency: (Faraday cup) / (Target)

𝜀, =
1

𝑏!&-𝑃!&- + 𝑏!&&𝑃!&&

?𝑆,
Ω778 𝑒 ⁄:- '/ − 𝑒 ⁄:0 '/

= 24.5)&.;0<.- %

✓Efficient heating of the target

✓Efficient electrostatic transportation

N. Ozawa et al., RSI 94 (2023) 023306.

Fr production yield  
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• Radioactive  T1/2~5min
• Make it by generator 225Ac
• Large Octupole deformation → Schiff moment  nuclear EDM enhancement

221Fr

momentum of the state and p is its parity. (For 224Ra the previously
measured value of t21 cannot be determined independently as the
21 R 01 transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 21 R 01 E2 transition (220Rn) and
for the 41 R 21 E2 transition (224Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for 220Rn and 224Ra
are given in Table 1. The values of the intrinsic moments, Ql, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
I and I9 induced to undergo a transition by the electromagnetic oper-
ator El, ,I9jjEljjI., assuming the validity of the rotational model22.
Here l 5 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape32.
Table 2 compares the experimental values of Ql derived from the
matrix elements connecting the lowest states for nuclei near Z 5 88
and N 5 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between 208Pb and 234U, the E3
moment changes by only 50% in the entire mass region. Nevertheless,
the larger Q3 values for 224Ra and 226Ra indicate an enhancement in
octupole collectivity that is consistent with an onset of octupole
deformation inthis mass region. On the other hand, 220Rn has similar
octupole strength to 208Pb, 230,232Th and 234U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as ,12jjE3jj41., because an aligned
octupole phonon would couple the 41 state to a 72 state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for 148Nd in the Z < 56, N < 88 octupole
region33, while for 226Ra the intrinsic moment derived from the
measured ,12jjE3jj41. is similar to that derived from the value
of ,01jjE3jj32. (ref. 23). The deduced shapes of 220Rn and 224Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation b2 and b3 were extracted from the dependence of the
measured Q2 and Q3 on the generalized nuclear shape34.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels7 (relative alignment of the negative-parity band to the positive-
parity band) that the even–even isotopes 218–222Rn and 220Ra have
vibrational behaviour while 222–228Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass 219Ra there is no
evidence35 for parity doubling, whereas for 221Ra a parity doublet of
states with I 5 5/2 separated by 103.6 keV has been observed36. In the
Ba–Nd region with Z < 56 and N < 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive37,38. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment15 is unlikely to be met
in 219,221Rn. On the other hand 223,225Ra, having parity doublets sepa-
rated by ,50 keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Ql, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q1 for 224Ra, measured here for the first time, has been noted
elsewhere9,13,39. The measured Q1 and Q2 values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree–Fock–Bogoliubov (HFB) self-consistent
mean field theory16, particularly using the D1M parameterization40.
However, as remarked earlier, the trend of the experimental data is
that the values of Q3 decrease from a peak near 226Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations17. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations14 predict that the
maximum value of Q3 occurs for radium isotopes between A 5 226
and 230, depending on the parameterization, and Skyrme Hartree–
Fock calculations15 predict that 226Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 32 states that should be
added (without energy weighting) to the observed coupling to the

Table 2 | The values of the E2 and E3 intrinsic moments, Ql

Ql Nucleus

208Pb 220Rn 224Ra 226Ra 230Th 232Th 234U

Q2 (e fm2) 179 6 4 (ref. 44) 434 6 14 632 6 10 717 6 3 (ref. 23) 900 6 6 (ref. 45) 932 6 5 (ref. 46) 1,047 6 5 (ref. 45)
Q3 (e fm3) 2,100 6 20 (ref. 44) 2,180 6 130 2,520 6 90 2,890 6 80 (ref. 23) 2140 6 100 (ref. 47) 1970 6 100 (ref. 48) 2,060 6 120 (ref. 47)

Values of Ql given here are derived from the matrix elements (seeFig. 3 legend) connecting the lowest-lying states in nuclei near Z 5 88 and N 5 134. The values for 220Rn and 224Ra are taken from the present work.
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Figure 4 | Graphical representation of the shapes of 220Rn and 224Ra.
a, 220Rn; b, 224Ra. Panel a depicts vibrational motion about symmetry between
the surface shown and the red outline, whereas b depicts static deformation in

the intrinsic frame. Theoretical values of b4 are taken from ref. 10. The colour
scale, blue to red, represents the y-values of the surface. The nuclear shape does
not change under rotation about the z axis.
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Octupole
deformation

Searching for the nuclear EDM



225Ac as the 221Fr generator 
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ネプツニウム系列

229Th → 225Ac : IMR, Tohoku univ. 
226Ra(p,2n)225Ac :   RIKEN 
226Ra(γ,n)225Ra → 225Ac : ELPH, Tohoku univ. 

221Fr EDM experiment to measure nuclear shiff moment
(quark EDM, CPV interaction …) 

l 225Ac：interest as the cancer treatment with alpha emitter 
l 221Fr generator（10days）
l 221Fr EDM offline experiment 
l Global lack of 225Ac in recent years 
l no stable supply in Japan even at a basic research scale (〜100 MBq）
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Pt.  + High Voltage

Pt GND

HV
Ac(NO3)3

27 % electrodeposition efficiency 
with 2.7 MBq Ac

Magneto-

Optical Trap

Pt基盤
225Ac

Yttrium(Y) coated 
Ac source 

221Fr225Ac線源開発（2021年12月）
• Pt基板に、225Acを化学精製・電着する。
• Ge半導体検出器で電着率を評価。

19

電着率78%で20MBqの電着基板の作成に成功→基板から107個/秒の221Frが放出

221Fr 原子線源の開発

Ac 線源

Arスパッタ

スパッタによって清浄な
Y面が形成される

Ac 線源

Y

Ac 線源
加熱することで中性のFr
原子線を得られる

出てくるFrの減速と中性化
を高効率で行う必要がある

Y
Fr 100 keV Fr ＜0.1 keV

世界的に初めてこの手法によって中性Frが脱離したことを確認
→現在解析中 論文投稿、博士論文執筆予定

～30nm

Ac source with molecular plating method

No coating 

Coating (27 nm) 

Coating (50 nm) 

Y (30 um)

Nitrates Ac

All Fr atoms 
~ accumulated 
inside the Y layer  



Offline EDM with 221Fr generator
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l 1st challenge of MOT with 225Ac/221Fr source 〜 in progress 

l All the apparatus 〜 installed in the glove box at the hot lab. In RIKEN

Y foil

MOT cell

Lasers

Si detector

Ac source

221Fr



EDM - electron interactions 
induce "rearrangement"

Screening of EDMs

2nd & 3rd order nuclear Schiff moment (NSM) operators

Nuclear EDM ~ Shiff moment of 221Fr 

By Dr. K. Yanase 



3rd order NSM contains the energy denominator

129Xe, 199Hg:
145Ba:
225Ra:

Δ𝐸P = 5~10MeV
Δ𝐸P = 0.32 MeV
Δ𝐸P = 0.06 MeV

Parity doublet caused by nuclear octupole correlations 
enhances the Schiff moment by orders of magnitude

Enhancement of NSM due to octupole correlation

Spevak, V., N. Auerbach, and V. V. Flambaum..
Physical Review C 56.3 (1997): 1357.

221Fr ～ good candidate of nuclear EDM (quark color charge EDM) 
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Magneto Optical Trap (MOT)
•Temperature : 65 uK ~ 210 uK
•Life time : a few 10 seconds
•Accumulate the Fr

Optical Dipole Trap (ODT)
•Temperature ： ~65uK
•Life time : > 10 seconds 
•EDM measurement (1st phase)
•Optical tweezer to load to the optical lattice  

Optical Lattice (OL)
•Temperature : < 65 uK
•Life time: > 10 seconds 
•EDM measurement 
•Magnetometer 

Optical 
Lattice

O
D
T

MOT

Cooling Procedure

K

mK

uK

nK

3
300
30
3

300
30
3

300
30
3

300
30
3

Surface of the sun

Laboratory

Resonant collisions

Liquid He

He cryostat

Dilution refrigerator

Optical cooling

Doppler limit

-

Recoil limit

Raman processes

Evaporation cooling –BEC

Sub-kHz bandwidth

Collisions

Radiative

Laser cooling

Evaporation

210Fr
Nuclear fusion reaction

221Fr 
Radiation chemistry 
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Typically an atom needs to scatter 
~105 photons for slowing down

Photons Atoms

Neutral atom trap ～ Laser cooling
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Laser cooling: MAGNETO-OPTICAL TRAP (MOT)

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

Paraffin-coated capillary

Effective restorative force exerted on atoms by 
repeated absorption/emission of photons

⁄Γ 2𝜋
= 7.6 MHz

⁄Γ 2𝜋
= 7.6 MHz

Δ𝐵 ∼ 10 G/cm
(𝐼 ∼ 0.5 A)
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Neutralization and MOT
～1ST try at RIKEN in 2023～

Calibration 
with 87Rb

Attempt 
with 210Fr
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Trapping efficiency 

𝑃@AB𝜀CDE =
𝑁CDE
𝑁F

=
Atoms trapped in MOT
Ions accumulated on Y

✓Proof-of-principle for each component 〜 Efficiency still low

à 𝑃@AB𝜀CDE ≤ 8×10GH

à 𝑃@AB𝜀CDE ≥ 5×10GI
𝑁= ≤ 0.278×60 s×6×10&- s)& ∼ 1×10&!

𝑁>?@ ∼ 5×10<

87Rb

𝑁>?@ ≤ 10

210Fr

𝑁= ∼ 275 s×105 s)&×0.46 ∼ 1×106



Ramsey spectroscopy with stable atom Rb
• Sequence

• Shot-noise limit

𝑡
Pumping

Excitation

Ω𝑡A ∼ 𝜋/2

Interaction

𝑇

De-excitation

Ω𝑡A ∼ 𝜋/2
Probing

?𝜔, Ω

1/2𝑇

𝜔 − 𝜔)/2𝜋

𝑃#

Δ𝜈 ∼
1
2𝜋𝑇

×
1

Repetition

Excitation probability

𝑃4 =
1
2
sin( Ω𝑡5 1 + cos 𝜔 − 𝜔) 𝑇
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ਤ 5.13: τ = 20 µsͷπ/2ύϧεΛɺ࣌ؒ TΛม͑ͳ͕Βরࣹͨ͠ͱ͖ͷϥϜθʔϑϦϯδͷมԽɻ

ɿT্ࠨ = 50 µsɺӈ্ɿT = 100 µsɺࠨதɿT = 150 µsɺӈதɿT = 200 µsɺࠨԼɿT = 250 µsɺ

ӈԼɿT = 300 µs
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τ=50us τ=100us

τ=150us τ=200us

τ=250us τ=300us

রࣹͰಘΒΕͨϥϜθʔϑϦϯδͷϑΟοςΟϯάʹΑͬͯٻΊΒΕͨ Tͱɺ࣮ࡍʹઃఆͨ͠ύϧ

εִؒ Tͷؒͷ૬ؔΛਤ 5.14ʹࣔ͢ɻ͜ͷσʔͷऔಘ͸ɺϚΠΫϩ೾ύϧεΛ τ = 20 µsʹݻఆ

ɻઃఆ͢Δͨͬߦͯ͠ TΛԆ͹͢͜ͱͰɺϑϦϯδͷपظ 1/T͕͘ڱͳΔ͜ͱ͕ࣔ͞ΕͨɻΑͬ
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ਤ 5.14: ϥϜθʔϑϦϯδͷϑΟοςΟϯάʹΑͬͯٻΊΒΕͨϑϦϯδͷִؒ 1/T [Hz]ͱɺઃ

ఆͨ͠রִࣹ࣌ؒؒ T [µs]ͷؒͷ૬ؔɻԣ࣠͸λΠϛϯάδΣωϨʔλͰઃఆͨ͠ T [µs]Ͱ͋Γɺ

ॎ͕࣠ϑϦϯδ͔ΒٻΊΒΕͨ 1/T [Hz]Ͱ͋Δɻ

ͯɺޙࠓ TΛ৳͹͍͚ͯ͠͹ɺϑϦϯδͷִ͕ؒ͘ڱͳΓɺ݁Ռͱͯ͠த৺प೾਺ͷ෼ղೳ͕޲

্͢Δͱ͑ߟΒΕΔɻ

ଓ͍ͯɺTΛ 100 µsʹݻఆ͠ɺύϧε෯ τΛมԽͤͨ͞ͱ͖ͷɺϥϜθʔϑϦϯδͷϑΟοςΟ

ϯά݁Ռͱͯ͠ಘΒΕΔ τͱͷ૬ؔΛਤ 5.15ʹࣔ͢ɻτͷ૬ؔ͸௚ઢ্ʹ৐ͬͯ͸͍Δ͕ɺτ͕୹

͘ͳΔͱҰக͠ͳ͘ͳΔɻ͜Ε͸ɺΞϯςφ͔Βൃ৴ͨ͠ϚΠΫϩ೾ͷύϫʔͷ࣌ؒܦա͕ํܗ

೾ʹͳ͓ͬͯΒͣɺ࣌ؒతʹมԽ͍ͯ͠Δ͜ͱΛ͍ࣔࠦͯ͠Δɻ

5.3.4 ՝୊ͱ࡯ߟ

τϥοϓ͔Βղ์͞Εͨྫྷஂूࢠݪ٫ʹରͯ͠ɺϥϜθʔڞ໐ͷ৴߸Λ؍ଌ͢Δ͜ͱ͕Ͱ͖ͨɻ

EDMଌఆʹݱ͚ͯ޲ঢ়࠷େͷ՝୊͸ɺίώʔϨϯε࣌ؒ T͕ 300 µsͱ୹͍͜ͱͰ͋Δɻୈ 4ষ

ͷ TOFϓϩοτΛߟࢀʹ͢Ε͹ɺ਺msͳΒτϥοϓ͔Βղ์͞ΕͨܥͰ΋͕ࢠݪτϥοϓத৺

෇ۙʹ଺ཹ͍ͯ͠ΔͨΊɺ͜ޙࠓͷܥͰ͞ΒʹίώʔϨϯτ࣌ؒΛ৳͹͢͜ͱ͕ՄೳͰ͋Δɻ͞Β

ʹίώʔϨϯτ࣌ؒΛԆ͹ͦ͏ͱ͢Δͱɺޫ૒ࢠۃτϥοϓʹಋೖ͢Δ͜ͱ͕ඞཁͱͳΔɻͨͩ

͠ɺޫ૒ࢠۃτϥοϓͷݸ਺͕গͳ͘ɺτϥοϓ࣌ؒ΋ 5 msͱ୹͍ͨΊɺ·ͣ͸ޫ૒ࢠۃτϥο

ϓͷݸ਺૿ڧͱτϥοϓ࣌ؒͷԆ৳Λ͏ߦඞཁ͕͋Δɻޫ૒ࢠۃτϥοϓ΁ͷҠޮߦ཰্޲ͷͨΊ

ʹ͸े͕ࢠݪ෼ྫྷ͍͑ͯΔ΄͏͕๬·͍͕͠ɺͦͷͨΊʹ͸θϩ࣓৔Λ࡞Γग़͢ඞཁ͕͋ΔɻϚ
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∝ 1/T 

Frequency resolution 

10-25 ecm at 300 us
Need long interaction time 〜 optical lattice

2 Development

Figure 2.1: Conceptual flow of the experiment. Main procedures and the
apparatuses developed for them, along with the experiments conducted to
evaluate their performances are listed in order of operation.

surement, the resonance frequency νFr of a particular transition |F,mF ⟩ →
|F ′,m′

F ⟩ is measured, under the condition where an external electric field E is

applied along the quantization axis of the atom. If the electron EDM de has a

non-zero value, νFr will shift from that of a free atom by

∆νFrde =
g′Fm

′
F − gFmF

hgJ
RdeE . (2.1)

If the electron EDM happens to exist at the de ∼ 10−30 e cm level, this will

yield a shift of

∆νFrde =
g′Fm

′
F − gFmF

gJ
×
(
1.9× 10−8

)
Hz . (2.2)

Here, R = 799 and E = 100 kV/cm have been assumed. Note that the

exact value depends on the atomic transition to be probed. For this work, the

following two cases are considered:

“Hyperfine scheme” 7S1/2 |F = 11/2,mF = 11/2⟩ → 7S1/2 |F ′ = 13/2,m′
F = 13/2⟩

“Sublevel scheme” 7S1/2 |F = 13/2,mF = −13/2⟩ → 7S1/2 |F ′ = 13/2,m′
F = 13/2⟩

which are the transitions chosen in Refs. [30] and [34], respectively. Fig-

ure 2.2 schematically shows the two transitions. The g-factors are compiled in

20

EDM    shift 
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Laser trapping: Optical Lattice

p High beam power 𝑃67
p Tight beam focusing 𝑤)

Effective attractive potential felt by 
atoms due to induced dipole moment

𝑈! ∝
4𝑃"#
𝑤!$

∝ Γ%&'(()*"#+ <
2𝜋
5 s

Laser
1.4 mm 17 µm

Trap potential 〜11 mK

Optical Dipole Trap 
l Same technique as optical lattice 
l Extend to the optical lattice with the standing wave ODT中の原子数の見積もり結果

34

前回の結果
今回（3.3 W）

温度の改善により、約200倍の個数増加を達成！
最大パワーで、106個以上の原子をトラップすることに成功！

前回（2015年度） 今回① 今回②
ODT光パワー（W） 2.8 3.3 35

ポテンシャル深さ（mK） 0.96 1.1 11
ビームウェスト（μm） 16.5 17.1 17.1

ODT保持時間（ms） 5 30 35
原子集団の温度（μK） 300 20 20

個数 2.9×103 6×105 2.6×106

今回（35 W）

l 〜20 uK
l 〜106 atoms trapped 

1 dim. Optical lattice 

l Blue detuned optical lattice  〜 photon scattering rate : 0.1/s
l Reduce the interaction between atoms 

〜 reduce the depolarization 
l Long coherence time 〜10 sec.
l 104 times interaction time 〜 compared with 300 us 

→ corresponding to de 〜10-29 ecm

Time: sec.

Ph
ot
on
 c
ou
nt
s

One atom

13 sec. 
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Laser cooled Fr  apparatus ~ ready
l Laser cooling/trapping techniques for radioactive elements ~ established 
l Optimization to increase the number of trapped atoms ~ in progress 

500
5

10

15

MOT ON                     MOT OFF

Cold Fr source 
Statistics & Systematics

Quantum Projection Noise:

6th HAW C1.3 - Pears @ FRIB - JTS

number of
detected particles

interrogation 
time

Electric
field

integration
time

2023-11-28

<latexit sha1_base64="5HJE8YsiYd/+VDyu2uXj4oOI10s="></latexit>

�d?
Nm

“ ~
4E

?
NdT ⌧

15

< 103 Fr atoms at MOT

→ 106 atoms required for EDM 
Neutralization efficiency 
Other parameters ~ optimization   
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Magnetic Field Instabilities: Annoying

Instabilities adds noise & 
limits the statistical precision.

6th HAW C1.3 - Pears @ FRIB - JTS

B-bias
2023-11-28

Reversible
E-field:

Reversible 
High Voltage 
+
Electrodes

16

Systematic error and Magnetometer 

l Quite large contribution 

l EDM false signal 

Many sources of the instabilities of the magnetic field

Ideal case: uniform and stable ~ difficult to realize  



~ 900 A

0.4 nT

(4層パーマロイ製)

~ 540 A

0.4 ℃

39

Excitation of the magnet 

Environmental magnetic field measurement 

l Magnetic field shielding  : 25 uT → 2nT

l Magnetic field change : clearly observed 
～ magnet excitation, metro/car movement… 

l Inside the shield : still change ～0.4 nT



Energy shift in Optical Lattice 
～ dominant component of systematic error ～

Group seminar : Absolute Polarization Measurement Using a Vector Light Shift

Electron EDM search using Fr
8

Δ𝜖 =

+𝑚𝐹𝑔𝐹𝜇𝐵𝐵: Zeeman shift 

−1
4𝛼𝑆

𝐴𝐶𝐸2 𝜔 : AC scalar stark shift

+𝛽𝑉𝐴𝐶𝑚𝐹𝐸2 𝜔 : AC vector stark shift

−1
4𝛼𝑇

𝐴𝐶3𝑚𝐹
2−𝐽 𝐽+1

𝐽 2𝐽−1
3 𝜀𝑧 −1

2 𝐸2 𝜔

: AC tensor stark shift

−1
2𝛼𝑆

𝐷𝐶𝐸2: DC scalar stark shift

−1
2𝛼𝑆

𝐷𝐶 𝐹 3𝑚𝐹
2−𝐹 𝐹+1

𝐹 2𝐹−1 𝐸2: DC tensor stark shift

+𝑑𝐴𝑚𝐹𝐸: EDM shift (DC vector stark shift)

-11/2

+11/2

+13/2

-13/2

B E

Trapping light power: 
𝐼 𝜔

Degeneracy is lifted: 

l Magnetic field 
l Electric field
l Laser applied to atoms 

Many shifts  

! = −$ %
|%| ' ( − )

%
|%| ' *

Monitoring/measuring 
of the energy shift 
to extract the EDM 

〜 magnetometer 



15

EDM探索 二種共存磁力計 磁気光学トラップ 磁場観測 EDM探索精度

二種原子共存磁力計

210Fr

ℎ𝜈 = 𝛥E1 𝐹,𝑚𝐹 − 𝛥E2 𝐹, −𝑚𝐹

= −2𝑚𝐹𝑔𝐹𝜇𝐵𝐵：Zeeman シフト

−𝛼 1 (𝐹;𝜔)𝑚𝐹
𝐹

𝜃𝐼sin𝜑
𝜀0𝑐

：ベクトル光シフト

− 2𝑚𝐹
𝐹
𝑑Fr𝐸 ：EDMによるシフト

ℎ𝜈Fr = −2𝑚Fr𝑔Fr𝜇𝐵𝐵 − 𝛼Fr
1 (𝐹Fr; 𝜔)

𝑚Fr
𝐹Fr

𝜃𝐼sin𝜑
𝜀0𝑐

− 2
𝑚𝐹
𝐹Fr

𝑑Fr𝐸

磁場 B 電場 E

二種原子を用いた共存磁力計により
二つの効果を測定

ℎ𝜈1 = −Δ𝑚1𝑔1𝜇𝐵𝐵 − 𝛼1
1 (𝐹1;𝜔)

Δ𝑚1
𝐹1

𝜃𝐼sin𝜑
2𝜀0𝑐

ℎ𝜈2 = −Δ𝑚2𝑔2𝜇𝐵𝐵 − 𝛼2
1 (𝐹2;𝜔)

Δ𝑚2
𝐹2

𝜃𝐼sin𝜑
2𝜀0𝑐

ℎ𝜈1 = −𝛾1𝐵 − Γ1𝜃𝐼sin𝜑

ℎ𝜈2 = −𝛾2𝐵 − Γ2𝜃𝐼sin𝜑

𝐵 = −
Γ2𝜈1 − Γ1𝜈2
𝛾1Γ2 − 𝛾2Γ1

𝜃𝐼sin𝜑 = −
𝛾2𝜈1 − 𝛾1𝜈2
𝛾1Γ2 − 𝛾2Γ1

Zeeman shift 
〜magnetic field

Vector light shift 

Shift from EDM 

Dual atoms co-magnetometry ～ new idea 
Monitor offset and long-time drift of systematic effects Measure 3 different atoms/isotopes

Dual atoms co-magnetometer 
Prototype with 85Rb-87Rb 〜 magnetic field < 0.1 uT
87Rb (F=2) – 133Cs (F=4) expected to yield

Δ𝐵 = 2.2 fT, Δ 𝒜cos𝜃8𝑃67 = 60 µW

A. Uchiyama et al, RSI 89 (2018).

Magnetic field 
B

Electric field 
E

Cs

Rb

MOT�

87Rb ����

85Rb ����

(~35 mW)

(~3 W)

87Rb �	
����

1st MOT �

��1st MOT �

3293 MHz

2730 MHz

2527 MHz
85Rb �	
�

Magnetic filed measurement 

Accuracy <0.1 μT

MOT laser sources:   ECDL ~ fixed at 87Rb repump
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Magnetic field 𝐵

𝜈9

Polarized atoms 

Probe light
＋
-

Signal 

PBS PD

PD

𝐹:

【Faraday rotation】

Pumping light

𝜎;

Rb/Cs Spin precession frequency measured  

Refractive index for σ± circularly polarized probe light:

Phase difference of σ± polarized probe light:

Co-magnetometer setup 



43Cold Rb/Cs in the optical lattice 

1064 nm OL beam
780 nm probe beam
852 nm probe beam

B

!"

#

1064 nm
ODT beam

780 nm pump beam
852 nm pump beam

$!"#

% %

Developed by Dr. Nagase@UTokyo



87Rb

133Cs

5 msec

Spin precession 〜 observed clearly 

Signal of Faraday rotation  



133Cs 87Rb

𝜈!" = 𝑔#!"𝜇$𝐵/ℎ + 𝛼!"
% 𝐹 = 2; Δ

1
ℎ𝜖&𝑐

𝐼𝜀'( cos 𝜙

𝜈)* = 𝑔#)*𝜇$𝐵/ℎ + 𝛼)*
% 𝐹 = 4; Δ %

+,-0'
𝐼𝜀'( cos 𝜙

➢ 光格子共存磁力計
➢ 磁場や光シフトの影響を、EDM感度の小さい安定原子を用いて評価したい
➢ 今、𝑚𝐹

2依存のシフトは、magic angleを用いて十分抑制されているとする
➢ 光格子中にトラップした87Rb, 133Csに対して、同時にファラデー回転を観測し、スピン歳差周期

に対応する周波数を得たとする。
𝜈Rb = 𝑔𝐹

Rb𝜇𝐵𝐵
ℎ

+ 𝛼Rb
1 𝐹 = 2; Δ 1

ℎ𝜖0𝑐
𝐼𝜀𝑐𝑝 cos𝜙 = 𝛾Rb𝐵 + ΓRb𝐼𝜀𝑐𝑝 cos𝜙

𝜈Cs = 𝑔𝐹
Cs𝜇𝐵𝐵
ℎ

+ 𝛼Cs
1 𝐹 = 4; Δ 1

2ℎ𝜖0𝑐
𝐼𝜀𝑐𝑝 cos𝜙 = 𝛾Cs𝐵 + ΓCs𝐼𝜀𝑐𝑝 cos𝜙

➢ これを𝐵および𝐼𝜀𝑐𝑝 cos𝜙について解けば、磁場と偏光純度成分が独立に抽出できる

𝐵 = ΓCs𝜈Rb−ΓRb𝜈Cs

𝛾RbΓCs−𝛾CsΓRb
, 𝛿𝐵 =

ΓCs
2 𝛿𝜈Rb 2+ΓRb

2 𝛿𝜈Cs 2

𝛾RbΓCs−𝛾CsΓRb

𝐼𝜀cp cos𝜙 = −𝛾Cs𝜈Rb+𝛾Rb𝜈Cs

𝛾RbΓCs−𝛾CsΓRb
, 𝛿 𝐼𝜀cp cos𝜙 =

𝛾Cs
2 𝛿𝜈Rb 2+𝛾Rb

2 𝛿𝜈Cs 2

𝛾RbΓCs−𝛾CsΓRb

➢ 特に、一種原子のみであれば、十分磁場が安定でなければベクトル光シフトの検出は難しい。
磁場とベクトル光シフトに対する感度が異なる異種原子を用いることで、磁場変動が比較的大きな
環境下でも、小さなベクトル光シフトの検出が可能になることが期待できる。

➢ テンソル光シフトの抑制については、 𝑚𝐹
2のシフトがファラデー信号の減衰時間に敏感なため、

ファラデー信号の減衰時間を見ることで、magic angleへのtuningが可能となる。

Theory

Spin precession frequencies for Rb/Cs
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Magnetic field 

measurement 
accuracy 

< 100 pT

Experimental results 

Magnetic field Vector light shift/α  

Spin precession frequency 



 13 

Dual atoms co-magnatometer : [19] 
In the EDM experiment, we measure two atomic resonance frequencies that are in the electric 
field parallel and anti-parallel to the magnetic field in the OL. The frequency difference is 
generated by the interaction between the applied electric field and the EDM. The fluctuation of 
the Zeeman shift, which is caused by the interaction between the magnetic moment and the 
magnetic field, and the vector light shift (VLS) caused by the high intensity laser field in the OL 
will lead to dominant components of systematic errors. The VLS can be changed due to the 
fluctuations of the power and the polarization of the laser source for the OL. The unique solution 
to eliminate these errors are to monitor the spin frequencies of two atomic species, which have 
no EDM contribution, and measure the magnetic field and VLS explicitly. Based on this idea, 
the dual species co-magnetometer is now developed for evaluating the fluctuations of the 
Zeeman shift and VLS with two isotopes of 85Rb and 87Rb as shown in Fig.12. Four different 
frequencies of lights were required for the dual-Rb-isotope MOT. An external cavity diode laser 
(ECDL) serves as the master laser. After passing through a Faraday isolator (FI), the laser light is 
split to monitor the wavelength, for frequency modulation spectroscopy (FMS) and for the EOM 
by polarizing beam splitters (PBSs). After passing through another FI, part of the laser beam is 
reflected by a PBS and input into a Fabry–Perot interferometer (FPI). In total, three RF 
frequencies, 6586 MHz, 5460 MHz and 2527 MHz, and the carrier frequency are needed for the 
trapping of two isotopes and are obtained through multiple sideband generation. We already 
demonstrated to measure the magnetic field within 0.1 μT accuracy and VLS, and this 
technique can be applied to reduce the dominant systematic errors as shown in the table 2.  

Fig.12. The layout of the electronics and the RF signals used for the generation of sidebands in 
the EOM for the dual-Rb isotope MOT are shown.  

Table 2. The list of each component of the systematic errors.  

MOT�

87Rb ����

85Rb ����

(~35 mW)

(~3 W)

87Rb �	
����

1st MOT �

��1st MOT �

3293 MHz

2730 MHz

2527 MHz
85Rb �	
�

ECDL 87Rb repump fixedMOT laser

trap

trap

repump

Fabry-Perot Cavity

Rb spin precession measurement

Magnetic filed shift evaluation 

CHAPTER 5. RESEARCH ACTIVITIES 61

of 5S1/2, F=2ˠF ˄ =3 in 87Rb was 1126 MHz. The frequency of ECDL-1 was stabilized to the
resonant frequency of the transition in 85Rb. The RF signal with frequency of 1126 MHz was
put into EOM-1 to generate sidebands. The light for repumping 85Rb and 87Rb from the state
of 5S1/2, F=2 in 85Rb and 5S1/2, F=1 in 87Rb was produced using ECDL-2 and EOM-2 in the
same way as trapping lights. The powers of the laser beams with sidebands were amplified by
the tapered amplifiers. The frequencies of the lights for trapping and repumping were shifted by
+180 MHz using acousto-optic modulators. We already demonstrated to measure the magnetic
field and VLS with this developed dual species co-magnetometer, and the technique to reduce
the dominant systematic error for the magnetic field change and VLS was established by this
co-magnetometer. The predicted systematic error is shown in Table 5.4The installation into
the EDM cell is now in progress.
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Figure 1. Experimental setup. (a) Schematic diagram of the optical system used in this
experiment. (b) Schematic energy diagrams of 85Rb and 87Rb. (c) Layout of MOT-1 and MOT-
2. The laser beams in the z-axis are not illustrated here but they were used in both MOT-1 and
MOT-2.

imaged onto a charge-coupled-device (CCD) camera. The timing sequence of the absorption
imaging is shown in Fig. 2. For imaging the 85Rb atoms, atoms were pumped to the state of
5S1/2, F = 3 using a laser beam, which was used for repumping during the MOT. The 85Rb
atoms pumped to the state of 5S1/2, F = 3 were probed with light that was generated from
ECDL-1 and frequency shifted by +200 MHz using an AOM. When the absorption imaging
of 85Rb was performed, the 1126-MHz signal was not input to EOM-1. For imaging the 87Rb
atoms, atoms were pumped to the the state of 5S1/2, F = 1 using the laser beam that was
generated from ECDL-1 shifted by -66 MHz using an AOM. The frequency of the 87Rb pumping
beam was the resonance frequency of the transition 5S1/2, F = 2 → F ′ = 2 in 87Rb. The 87Rb
atoms pumped to the state of 5S1/2, F = 1 were probed with light that was the same frequency
as that of the light used for repumping 87Rb to F = 2. When the87Rb atoms were probed, the
RF signal with frequency of 2527 MHz was not input to EOM-2.

3. Results and Discussions
We observed the absorption image of 85Rb and 87Rb atoms trapped in the dual-Rb-isotope
MOT. The input powers of the 1126-MHz and 2527-MHz signals to EOM-1 and EOM-2 were
17 dBm and 20 dBm, respectively. The carrier and first-order sideband intensities of the light
from EOM-1 and EOM-2 were approximately 25% and 32 %, respectively. The laser power
including all of the frequencies for trapping were 20 mW and 14 mW along each axis of MOT-1

Figure 5.26: The laser system of the dual species co-magnetometer.

Table 5.4: The components of the systematic errors for EDM.

Energy shift Shift item Systematic error This project
(10−29 ecm)

Zeeman shift magnetic field 1.34 dual species magnetometer
applied current 1.34 x 10−5

leakage current 0.04
Johnson noise 4.6 x 10−5

Vector light shift polarization 0.46 dual species magnetometer
Atom collision shift collision 0.14 optical lattice

shift in OL 1.6 x 10−7

Geometrical phase 4.6 x 10−6 cooling
Black body radiation 9.2 x 10−4 cooling

Predicted systematic errors 
l Cold Fr source in the optical lattice
l Dual atoms co-magnetometer 

Dominant component ~ BBR 
EDM accuracy 10-30 ecm ~ can be realized  

Fr EDM ~ 10-30 ecm
l Long coherence time : 10 s
l Enhancement factor : 799  ~ largest in atoms

Dominant component of systematic errors : 
Ø Zeeman shift 
Ø Vector light shift 
Ø Atom collision shift 
are drastically reduced by dual atoms co-magnetometer and optical lattice. 

Status of the Fr-EDM 
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Figure 6. Experimental constraints of de versus CS−PS(0)
N with the prospective sensitivity of the

EDM of Fr atom. The existing data given by the experiments using ThO [14] and HfF+ [90]
molecules are also shown.

5 Conclusion

Improved RCC calculations of the EDM of 210Fr arising due to the eEDM and the S-PS

interaction were performed, and the results obtained are

Da = 799 de + 10.5× 10−18CS−PS(0)
N e cm, (5.1)

with an estimated error of about 3% for both cases. The former value is about 11% smaller

than the result from a previous calculation of this quantity using an approximate RCCSD

method [84]. This difference can be attributed to the fact that the various approximations

and shortcomings in the previous calculation were addressed in this work, such as the im-

provement of both the size and quality of the basis functions used, and the inclusion of

cluster amplitudes for all multipoles and computation of the nonlinear RCC terms using a

self-consistent approach. We emphasize that we have outlined the method of error evalua-

tion more comprehensively than what is given in previous calculations on the same atom.

A detailed analysis of the many-body effects contributing to R and S for 210 Fr has been

made. This has shed light on the many-body physics involved in this complex phenomenon

involving electromagnetic and CP violating interactions. Our work also includes corrections

due to the Breit interaction and QED effects, as well as contributions due to perturbative

triple excitations, which previous Fr EDM calculations have not included. The reasons for

the relatively small discrepancy between our result for S and a previous calculation of the

same quantity have been discussed.

Using the value of R that we calculated for 210Fr and quantities related to a laser cooled

experiment on this isotope, we obtained as mentioned before, a sensitivity, δde ∼ 10−29e

cm, which will permit us to probe many CP violating phases associated with the well-

known TeV scale BSM physics at the same level as in ThO. It is of particular interest to

note that our precise results will enable us to analyze the bottom quark contribution in

models where the Higgs sector is extended by nonstandard Yukawa interactions in which the
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Improved RCC calculations of the EDM of 210Fr arising due to the eEDM and the S-PS

interaction were performed, and the results obtained are

Da = 799 de + 10.5× 10−18CS−PS(0)
N e cm, (5.1)

with an estimated error of about 3% for both cases. The former value is about 11% smaller

than the result from a previous calculation of this quantity using an approximate RCCSD

method [84]. This difference can be attributed to the fact that the various approximations

and shortcomings in the previous calculation were addressed in this work, such as the im-

provement of both the size and quality of the basis functions used, and the inclusion of

cluster amplitudes for all multipoles and computation of the nonlinear RCC terms using a

self-consistent approach. We emphasize that we have outlined the method of error evalua-

tion more comprehensively than what is given in previous calculations on the same atom.

A detailed analysis of the many-body effects contributing to R and S for 210 Fr has been

made. This has shed light on the many-body physics involved in this complex phenomenon

involving electromagnetic and CP violating interactions. Our work also includes corrections

due to the Breit interaction and QED effects, as well as contributions due to perturbative

triple excitations, which previous Fr EDM calculations have not included. The reasons for

the relatively small discrepancy between our result for S and a previous calculation of the

same quantity have been discussed.

Using the value of R that we calculated for 210Fr and quantities related to a laser cooled

experiment on this isotope, we obtained as mentioned before, a sensitivity, δde ∼ 10−29e

cm, which will permit us to probe many CP violating phases associated with the well-

known TeV scale BSM physics at the same level as in ThO. It is of particular interest to

note that our precise results will enable us to analyze the bottom quark contribution in

models where the Higgs sector is extended by nonstandard Yukawa interactions in which the
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perturbed wave functions. The later quantity, i.e. the first-order perturbed wave function,

can be written as

|Ψ(1)
v 〉 =

∑

I !=v

|Ψ(0)
I 〉

〈Ψ(0)
I |HCPV |Ψ

(0)
v 〉

E(0)
v − E(0)

I

, (3.3)

where HCPV could be either HeEDM or HS−PS . Thus, eq. (2.16) can be rewritten as

Da =
∑

I !=v

〈Ψ(0)
v |D|Ψ(0)

I 〉〈Ψ(0)
I |HCPV |Ψ

(0)
v 〉

E(0)
v − E(0)

I

. (3.4)

For Fr, the unperturbed state |Ψ(0)
I 〉 is the ground state, i.e. 7S state. By far, the dominant

contribution to eq. (3.4) comes from the 7P1/2 state. Therefore, a reasonable estimate of

error in Da, and hence R and S, can be found by determining and adding in quadrature

the uncertainties of the E1 matrix element 〈7P1/2|D|7S〉, the matrix element of the EDM

interaction Hamiltonian 〈7P1/2|HCPV |7S〉 and the excitation energy E(0)
7S − E(0)

7P1/2
. Our

calculated values and their comparison with the experimental values of the above E1 matrix

element and excitation energy can be found in ref. [89]. the error in the EDM matrix

element is obtained by taking the deviation of our calculated value of the geometric mean of

the magnetic dipole hyperfine constants (Ahf ) of the 7S and 7P1/2 states from its measured

values. The underlying reason for this is that the evaluation of the EDM interaction matrix

elements that we have considered in the present work and the Ahf values are sensitive to

the nuclear region.

Using the approach outlined above and from the deviation of our calculated values

from their experimental values as shown in ref. [89], the uncertainties obtained in R and S

for 210Fr from the 7P1/2 state are 2.5% for both the quantities. From the trends observed in

the contributions to R and S from other high-lying P1/2 states as well as the accuracies of

the E1 matrix elements involving these states and the ground 7S state, and the excitation

energies of these P1/2 states, we infer that the overall uncertainties in R and S for 210Fr

are about 3%. The error analyses reported in the previous calculations of R and S were

not based on the uncertainties in the atomic properties that are mentioned above.

As mentioned earlier, there are three major differences between our present and pre-

vious result from ref. [84]. In this work (i) we have increased the size of our single particle

Gaussian basis and improved its quality compared to our previous work. (ii) We have

included RCC amplitudes corresponding to all multipoles of the Coulomb interaction and

not a selected set of amplitudes that was used in our previous work. (iii) The Breit in-

teraction, approximate QED and perturbative triple excitations have been included unlike

in our previous calculation. In contrast to our full ab initio calculation, Byrnes et al. [86]

have carried out a part of ab initio and a part semi-empirical calculations. Furthermore,

the latter evaluates R by summing over a set of intermediate P1/2 states. On the other

hand, our calculation implicitly accounts for all the intermediate states in the configuration

space that has been considered in our work. They also estimate the errors in excitation

energies, E1 transition amplitudes, and the EDM matrix elements, and reported a total
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Figure 5. Leading two-photon exchange contribution to the S-PS interaction in the SM. The grey
blobs are strangeness changing interactions generated by the CKM matrix.

be required to determine the SM contribution due to the large theoretical uncertainty.

Needless to say, this is much smaller than the TeV scale BSM effects presented in this

section with the natural sizes of CP phases and coupling constants.

2.2 The R and S factors

The Hamiltonians describing the eEDM and S-PS e-N interactions in atomic systems are

given by

HeEDM = −deβ"Σ · "E int, (2.11)

and

HS−PS = i
GF√
2
CS−PS(0)
N Aβγ5ρ(r), (2.12)

respectively, where "E int is the total internal electric field experienced by the electrons in

an atom, A is the atomic mass number, ρ(r) is the nuclear density and "Σ =

(

"σ 0
0 "σ

)

is

the four-component spinor with Pauli matrix "σ as its elements. We have assumed a Fermi

charge distribution for the nuclear density.

An atomic state (|Ψ(0)
v 〉), in the absence of any external interaction (denoted with

superscript 0), is an eigenstate of the atomic Hamiltonian (Ĥ0), and can be written as

Ĥ0|Ψ(0)
v 〉 = E(0)

v |Ψ(0)
v 〉, (2.13)

where E(0)
v is the corresponding energy. In our calculations, we consider first the Dirac-

Coulomb (DC) interactions in Ĥ0 then add Breit and QED interactions systematically

to assess the importance of the higher-order relativistic effects. If HeEDM or HS−PS is

considered as the first-order perturbation, the new atomic state wave function (|Ψv〉) can
be written as

|Ψv〉 ≈ |Ψ(0)
v 〉+ λ|Ψ(1)

v 〉, (2.14)

where |Ψ(1)
v 〉 is the first-order perturbed wave function with the perturbation parameter

λ ≡ de (or λ ≡ CS−PS(0)
N ) when the eEDM (or S-PS) interaction Hamiltonian is considered

after defining the interaction Hamiltonian H ′ = HeEDM/de (or H ′ = HS−PS/CS−PS(0)
N ).

In our approach, we obtain |Ψ(1)
v 〉 by solving

(Ĥ0 − E(0)
v )|Ψ(1)

v 〉 = (E(1)
v −H ′)|Ψ(0)

v 〉, (2.15)
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Figure 1. Two-loop level contribution (so-called Barr-Zee type diagram) to the electron EDM in
extended Higgs models with nonstandard Yukawa interactions.

where f(τ) ≡ τ
2

∫ 1
0 dx1−2x(1−x)

x(1−x)−τ ln x(1−x)
τ and g(τ) ≡ τ

2

∫ 1
0 dx 1

x(1−x)−τ ln
x(1−x)

τ . Here Yf

and Y P
f are the scalar and pseudoscalar couplings of the Yukawa interaction between the

fermion f and the lightest Higgs bosonH, respectively. The Yukawa interaction Lagrangian

is defined as

LY = −YfHψ̄fψf − Y P
f Hψ̄f iγ5ψf . (2.4)

We note that, in 2HDM, Ye, Y P
e , Yτ , Y P

τ , Yb and Y P
b are proportional to tanβ, the ratio

between the vacuum expectation values of the two Higgs doublets, while Yt and Y P
t are

proportional to cotβ. From eq. (2.3), we see that the expected experimental sensitivity

of the Fr atom, δde ∼ 10−29e cm could probe the relative CP phase between the Yukawa

interactions of the top quark and the electron at the level of O(10−2), assuming that the

mixing between the lightest and the pseudoscalar Higgs bosons is maximal. If tanβ is

large, the Yukawa interactions of the bottom quark or the τ lepton may be accessed. We

also note that the term with Y P
b may interfere with that of Y P

t in eq. (2.3) if tanβ is O(1).

Considering the bottom quark, we note that a sizable CP-odd e-N S-PS interaction is

generated through the CP-odd electron-gluon interaction (see figure 2) that gives [34–36]

CS−PS(0)
N =

√
2αs

12πmbGF
〈N |Ga

µνG
µν
a |N〉

Y P
e Yb
m2

H

, (2.5)

where − αs
12π 〈N |Ga

µνG
µν
a |N〉 = 50±5MeV [37, 38] and mH = 125GeV [25]. In paramagnetic

systems, this yields an “equivalent” contribution to the eEDM by the relation S
RC

S−PS(0)
N =

−1×10−21Y P
e Yb e cm, which is quite comparable to the Barr-Zee type contribution (eq. 2.3).

This implies that determining the sign and the precise value of S/R is extremely important,

since the eEDM and the equivalent one generated by CS−PS(0)
N interfere destructively. To

evaluate the bottom quark contribution in models with nonstandard Yukawa interactions,

a precision of at least 10% will be required for R and S as the cancellation occurs at the

first significant digit itself. We note that this cancellation does not work with the top

quark, for which the effect of the Barr-Zee type diagram exceeds that of the CP-odd e-N

interaction by two orders of magnitude ( SRC
S−PS(0)
N = −3 × 10−23Y P

e Yt e cm). There are

also other contributions to the eEDM in this class of models [39–43], and scenarios where

the eEDM cancels were also previously proposed [44, 45].
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Figure 2. One-loop level contribution to the CP-odd electron-gluon interaction in extended Higgs
models with nonstandard Yukawa interactions. The external gluons are integrated out to give the
S-PS e-N interaction.

Supersymmetry (SUSY) in the context of particle physics provides a wide range of

possibilities for BSM physics. It is a well-known fact that the CP violating SUSY phases

are strongly constrained by the EDM [46–48]. In general SUSY models predict a large

eEDM through one-loop level diagrams (see figure 3) [49–51]. This leads to

de ≈
e3

16π2M2
SUSY

[

1

12 cos θW
θAe +

(

5

sin θW
+

1

cos θW

)

θµ tanβ

24

]

, (2.6)

and, assuming supersymmetric particles of mass 1TeV, the CP phase of the slepton-Higgs

trilinear coupling (the so-called A-term) of the first generation will be constrained to about

10−3 with the expected experimental data for Fr. The CP phases of the A-terms of the

charged sleptons of the second and third generations, and even those of squarks may

be constrained because they also contribute to the electron EDM through the two-loop

level diagrams [52, 53]. The above phases are already constrained by the ThO molecule

experiment [14], and form the so-called “SUSY CP problem”. There are attempts to avoid

the SUSY CP problem in the most natural way, by decoupling the sfermions with very

heavy mass (split-SUSY) [54]. In this scenario, several CP phases of the gaugino sector

are still left, and they contribute to the eEDM at the two-loop level, mainly through

the Barr-Zee type diagrams. The complex phases of the gaugino mass terms are already

constrained at the level of 10−2, like the CP phase of the 2HDM. If we extend SUSYs with

the R-parity violation, the R-parity violating interactions may also generate an EDM for

Fr, but they will be constrained as well. In this case, there are many unknown couplings

which may interfere with each other, and in particular, different couplings contribute to the

eEDM [55, 56] and to the CP-odd e-N interaction [57, 58]. Generally, SUSY models have

many free parameters so multidimensional analyses of several experimental measurements

of EDMs of different systems are needed to determine the unknown couplings [59–61], and

their linear independence on R and S will also be extremely important to disentangle the

BSM contributions.

Another candidate that lends itself well for EDM studies of paramagnetic systems in

the context of BSM physics is the leptoquark model [62–67]. By assuming the following

Yukawa interaction for the scalar leptoquark (R2)+ with mass m2
LQ [65], we get

LLQ = −(R2)+[h
′
2LūPLe+ h′2RūPRe] + h.c., (2.7)
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Figure 3. Example of a one-loop level diagram contributing to the eEDM in supersymmetric
models. The neutralino and the selectrons are denoted by χ0 and ẽL,R, respectively.
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Figure 4. Tree level leptoquark exchange diagram contributing to the S-PS interaction.

the induced eEDM is given by [66]

de = −
3emuIm[h′2Lh

′∗
2R]

32π2m2
LQ

[

−
1

3
+

2

3
ln

m2
u

m2
LQ

]

, (2.8)

while the CP-odd e-N coupling generated by the t-channel leptoquark exchange (see fig-

ure 4) is given by [37]

GF√
2
CS−PS(0)
N = 〈N |ūu|N〉

Im[h′2Lh
′∗
2R]

4m2
LQ

. (2.9)

Here the contribution of the CP-odd e-N interaction is larger than that of the eEDM

by two orders of magnitude. This analysis depends on the value of the pion-nucleon

sigma term σπN ≡ mu+md
2 〈N |ūu+ d̄d|N〉 whose value obtained from lattice QCD (σπN ≈

30MeV) [68–73] and phenomenological extractions (σπN ≈ 60MeV) [74–80] are currently

not in agreement. We also note that the leptoquark model contributes to the tensor-

pseudotensor type CP-odd e-N interaction, so constraining the CP phases of leptoquark

models also requires the precise calculation of the corresponding atomic level coefficient.

We briefly touch upon the SM contribution to the paramagnetic systems induced by the

CP phase of the CKMmatrix. As mentioned in the Introduction, the electron EDM is small

(de ∼ 10−39e cm) [6, 7]. The leading contribution to the paramagnetic systems is actually

from the S-PS interaction (see figure 5), with its coupling estimated as [38, 63, 81, 82]

CS−PS(0,1)
N ∼ O(10−17). (2.10)

This generates an atomic EDM, which is larger than that induced by the eEDM by one

or two orders of magnitude at the atomic level, but precise values of both quantities will
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FIG. 1. (Color online) Energy diagrams and relevant transitions
of (a) Sr and (b) Rb. The ionization energy Ei from the 5P3/2 state
of Rb corresponds to a wavelength of 479 nm. Excess energy ε is
converted into the kinetic energy of the ionized Rb atom and the
electron.

nRb(r) and nSr(r) are the respective spatial densities of Rb
and Sr. Because light-assisted collisions between the Rb and
Sr atoms were not observed, as described in Sec. IV, and
the density of the trapped Rb can be assumed to be constant
in a usual MOT experiment [26], B can be approximated as
B ! βRbRbnRbNRb(t), where nRb is a constant density. Then,
Eq. (2) is written as

dNRb(t)
dt

= # − 1
τ ′ NRb(t) − RNRb(t), (3)

where 1/τ ′ ≡ 1/τ + βRbRb nRb. The solution to Eq. (3), when
R ( %= 0) is introduced at time t = 0, is written as

N (t) = N∞ + (N0 − N∞) exp(−R′t), (4)

where R′ ≡ R + 1/τ ′, N0 is the steady-state atom number
for the rate equation with R = 0, and N∞ is that for an
arbitrary R. Using this solution, measurement of the decay of
the number of Rb atoms in the MOT allows us to determine the
photoionization rate R and the photoionization cross section
σ of Rb in the 5P3/2 state at 461 nm.

III. SIMULTANEOUS MOT

Our laser system and frequency locking scheme for cooling
the Sr atoms are similar to those described in Ref. [27]. Briefly,
a laser beam with a wavelength of 922 nm from an extended
cavity diode laser (ECDL) was amplified by a tapered amplifier
(TA) up to 900 mW. This laser beam enters a frequency
doubling cavity, which generates a 461-nm laser beam with
a power of 175 mW. The frequency was stabilized by using
frequency modulation spectroscopy with a Sr hollow-cathode
lamp. The repumping beam, also generated by frequency
doubling, has a wavelength of 497 nm and is resonant with
the transition between 5s5p 3P2 and 5s5d 3D2 states.

For cooling the Rb, we used a commercially available
extended cavity tapered laser (ECTL), and an ECDL was used
for the repumping. The frequencies of these laser beams were
stabilized by the polarization spectroscopy of a Rb cell [28].

Figure 2(a) shows the vacuum system, which was com-
prised of ovens, Zeeman slowers, and a main chamber with a
design similar to that in Ref. [29]. The vapor pressures of Rb
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FIG. 2. (a) Schematic diagram of the experimental apparatus. IP:
ion pump; TSP: Ti-sublimation pump (these vacuum pumps are not
shown); BS: beam shutter; GV: gate valve; DM: dichroic mirror; and
PD: photodetector. The 780- and 461-nm laser beams are shown by the
black and white arrows, respectively. (Trapping beams propagating
perpendicular to this diagram are not shown.) Fluorescence images
of the trapped (b) Sr, (c) Sr and Rb, and (d) Rb atoms. In (c), the
trapped clouds of Rb and Sr are spatially overlapped. The field of
view is 7.5 × 5.6 mm2.

and Sr are quite different: a pressure of 1 × 10−4 Torr inside
the oven is achieved at about 100 ◦C for Rb but at 400 ◦C
for Sr. We therefore prepared separate ovens and Zeeman
slowers for each atomic species. The Rb (Sr) atomic beam
was extracted from the Rb (Sr) oven and passed through the
oven chamber, whose background pressure was 10−8 Torr,
whereas the background pressure of the main chamber was
kept below 2 × 10−11 Torr by using a 75-L/s ion pump and a
Ti-sublimation pump.

The Rb atomic beam was first extracted from the Rb oven
and decelerated by the Rb Zeeman slower; the Sr atomic beam
is decelerated by the Sr Zeeman slower. The Zeeman slowers
have zero-crossing designs, and the magnetic field at the exit
of the slower is 100 G (600 G) for Rb (Sr). The trapping
beam for the Rb (Sr) with a wavelength of 780 nm (461 nm)
was split into three beams by waveplates and polarization
beam splitters. These beams are overlapped by dichroic mirrors
and pass through the achromatic quarter waveplates, creating
circularly polarized beams. The repumping beam for Rb is
overlapped with the Rb slowing beam, whereas the repumping
beam for Sr is overlapped with one of Sr trapping beams. The
decelerated atomic beams enter the main chamber and reach
the intersection of the three orthogonal trapping beams for Rb
and Sr. The Rb and Sr atoms are then simultaneously trapped.
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converted into the kinetic energy of the ionized Rb atom and the
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and Sr. Because light-assisted collisions between the Rb and
Sr atoms were not observed, as described in Sec. IV, and
the density of the trapped Rb can be assumed to be constant
in a usual MOT experiment [26], B can be approximated as
B ! βRbRbnRbNRb(t), where nRb is a constant density. Then,
Eq. (2) is written as
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where 1/τ ′ ≡ 1/τ + βRbRb nRb. The solution to Eq. (3), when
R ( %= 0) is introduced at time t = 0, is written as

N (t) = N∞ + (N0 − N∞) exp(−R′t), (4)

where R′ ≡ R + 1/τ ′, N0 is the steady-state atom number
for the rate equation with R = 0, and N∞ is that for an
arbitrary R. Using this solution, measurement of the decay of
the number of Rb atoms in the MOT allows us to determine the
photoionization rate R and the photoionization cross section
σ of Rb in the 5P3/2 state at 461 nm.
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the Sr atoms are similar to those described in Ref. [27]. Briefly,
a laser beam with a wavelength of 922 nm from an extended
cavity diode laser (ECDL) was amplified by a tapered amplifier
(TA) up to 900 mW. This laser beam enters a frequency
doubling cavity, which generates a 461-nm laser beam with
a power of 175 mW. The frequency was stabilized by using
frequency modulation spectroscopy with a Sr hollow-cathode
lamp. The repumping beam, also generated by frequency
doubling, has a wavelength of 497 nm and is resonant with
the transition between 5s5p 3P2 and 5s5d 3D2 states.

For cooling the Rb, we used a commercially available
extended cavity tapered laser (ECTL), and an ECDL was used
for the repumping. The frequencies of these laser beams were
stabilized by the polarization spectroscopy of a Rb cell [28].

Figure 2(a) shows the vacuum system, which was com-
prised of ovens, Zeeman slowers, and a main chamber with a
design similar to that in Ref. [29]. The vapor pressures of Rb
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perpendicular to this diagram are not shown.) Fluorescence images
of the trapped (b) Sr, (c) Sr and Rb, and (d) Rb atoms. In (c), the
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view is 7.5 × 5.6 mm2.

and Sr are quite different: a pressure of 1 × 10−4 Torr inside
the oven is achieved at about 100 ◦C for Rb but at 400 ◦C
for Sr. We therefore prepared separate ovens and Zeeman
slowers for each atomic species. The Rb (Sr) atomic beam
was extracted from the Rb (Sr) oven and passed through the
oven chamber, whose background pressure was 10−8 Torr,
whereas the background pressure of the main chamber was
kept below 2 × 10−11 Torr by using a 75-L/s ion pump and a
Ti-sublimation pump.

The Rb atomic beam was first extracted from the Rb oven
and decelerated by the Rb Zeeman slower; the Sr atomic beam
is decelerated by the Sr Zeeman slower. The Zeeman slowers
have zero-crossing designs, and the magnetic field at the exit
of the slower is 100 G (600 G) for Rb (Sr). The trapping
beam for the Rb (Sr) with a wavelength of 780 nm (461 nm)
was split into three beams by waveplates and polarization
beam splitters. These beams are overlapped by dichroic mirrors
and pass through the achromatic quarter waveplates, creating
circularly polarized beams. The repumping beam for Rb is
overlapped with the Rb slowing beam, whereas the repumping
beam for Sr is overlapped with one of Sr trapping beams. The
decelerated atomic beams enter the main chamber and reach
the intersection of the three orthogonal trapping beams for Rb
and Sr. The Rb and Sr atoms are then simultaneously trapped.
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Towards CP-violation studies on superheavy molecules: Theoretical and experimental perspectives
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Molecules containing superheavy atoms can be artificially created to serve as sensitive probes to study
symmetry-violating phenomena. Here, we provide detailed theoretical studies of quantities relevant to the
electron electric dipole moment (eEDM) and nucleus-electron scalar-pseudoscalar interactions in diatomic
molecules containing superheavy lawrencium nuclei. The sensitivity to parity and time (or, equivalently, CP)
reversal violating properties is studied for different neutral and ionic molecules. The effective electric fields in
these systems are found to be about 3–4 times larger than other known molecules on which eEDM experiments
are being performed. Similarly, these superheavy molecules exhibit an enhancement of more than 3 times for
CP-violating scalar-pseudoscalar nucleus-electron interactions. Our preliminary analysis using the Woods-Saxon
nuclear model also demonstrates that these results are sensitive to the diffuse surface interactions inside the Lr
nucleus. We also briefly comment on some experimental aspects by discussing the production of these systems.

DOI: 10.1103/PhysRevA.104.062801

I. INTRODUCTION

Recent advances in studies on heavy molecular systems are
enabling new opportunities in fundamental physics [1–13].
Symmetry-violating properties of electrons, nuclei, and other
fundamental particles and interactions between them can be
highly enhanced in certain molecules [14,15]. Precision ex-
periments using ThO, for example, have provided the most
stringent bound on the electric dipole moment (EDM) of the
electron [1], constraining the existence of new physics at the
TeV scale [16]. The search for the electron and nuclear EDMs
has attracted a great deal of experimental and theoretical at-
tention because they are highly sensitive to new sources of
time-reversal (T ) violation (equivalent to CP violation) [15],
knowledge of which can be useful in explaining the matter-
antimatter asymmetry in the universe [17,18].

Paramagnetic molecules containing heavy nuclei are
very interesting in view of their enhanced sensitivity to
symmetry-violating phenomena. These enhancements were
discussed in Ref. [19] for the atomic case and Ref. [20]
for the case of diatomic molecules. In Ref. [21], the au-
thors addressed the Z dependence of the electron EDM
enhancement factor as K = Z3R(Zα), with the relativistic
factor R(Zα) becoming very important for superheavy nu-
clei. We also note that the Z dependence of the CP-violating
scalar-pseudoscalar (S-PS) nucleus-electron interactions was
discussed in Ref. [22]. These developments motivate us to

consider diatomic molecules containing superheavy atoms for
electron EDM studies. Future studies of these systems could
open up new opportunities in fundamental physics and chem-
istry. There have been recent advances in the search for the
electron EDM using paramagnetic molecules, which would
be a signature of CP violation beyond the standard model
of elementary particles. Moreover, spectroscopic results from
studies of superheavy elements were recently reported, and
in view of these developments, it is desirable to investigate
EDMs using molecules with superheavy atoms. However,
our experimental knowledge of such rare molecules is in its
infancy, and theoretical developments are critical to motivate
and guide experimental progress [23,24].

Within a molecule, the magnitude of the intrinsic elec-
tric field that an electron with an EDM experiences due to
the other electrons and nuclei can be viewed as an effective
electric field Eeff [19]. Because of their large atomic number,
superheavy radioactive elements are expected to exhibit a sub-
stantial enhancement in their Eeff since one expects relativistic
and electron correlation effects to be prominent. Indeed, ef-
fective electric fields of CnH [25,26], CnF [27], LrO, NoF,
RfN, E120F (where E120 stands for element 120), and E121O
(where E121 stands for element 121) [28] have been calcu-
lated and attest to the above statement. In this work, we focus
our studies on diatomic molecules containing Lr atoms, i.e.,
LrO, LrF+, and LrH+. Because of their short half-lives and
low production rates, superheavy elements, including Lr, need
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FIG. 1. Potential-energy curves of (a) neutral LrO and (b) LrF+ and (c) LrH+ molecular ions with a range of typical molecular bond
lengths R using the RCCSD(T) method. The plots show that LrO can form a stable molecule around the equilibrium bond length Re ! 3.46,
while both the ions have minima around Re ! 3.56. All the values are given in atomic units.

came out to be 322.58 GV/cm, while the cGKS method
yielded 250.21 GV/cm. Our calculation, using the RCCSD
method and with Dyall’s QZ bases for Lr (37s, 34p, 24d , and
14 f ) and O (18s and 10p), gives an Eeff of 258.92 GV/cm
and is in better agreement with their results from the cGKS
method than from the cGHF approach.

In Ref. [49], the authors used analytic first derivatives
for exact two-component CCSD and CCSD(T) methods and
employed TZ quality basis sets. Further, they froze several
of the occupied orbitals in their computations and obtained
an effective electric field of 263.9 GV/cm with CCSD and
246.5 GV/cm with the CCSD(T) approach. Although their
CCSD results are in reasonable agreement with our CCSD
results obtained using all-electron fully relativistic CCSD
calculations and with a QZ basis, this agreement could be
fortuitous. This is evident from the disagreement in the cor-
relation trends in Ref. [49], where the DHF result is greater
than that of the CCSD counterpart. In Table I, we also com-
pare our results with the corresponding values for ThO, for
which the most accurate EDM measurement is available, and
HgF, which possesses the largest Eeff estimated thus far for
nonsuperheavy systems. The Lr molecules were found to have

values of Eeff that are 3–4 times larger than those of ThO and
HgF [2,8]. Similarly, the values of Ws for LrO and LrF+ were
found to be about 4 times larger than that for HgF. Table I
also provides the values for these quantities for other leading
candidates, HfF+ and YbF [50,51]. Additionally, Table I pro-
vides data on the ratio of Ws and Eeff . The significance of the
quantity is related to the fact that one needs to perform two
experiments to extract both the electron EDM and the S-PS
interaction, as seen from Eq. (1). We also present R, S , and
their ratios for the leading atomic candidates, Cs, Tl, Rb, and
Fr, from the literature [52–55] in Table I.

In Table II, we present contributions to the values of Eeff ,
Ws, and µ for LrO, LrF+, and LrH+ from different terms
of the RCCSD method, given in Eq. (13). The first term
corresponds to the DHF value, while the other terms repre-
sent correlation contributions. As Table II shows, OT1 + H.c.
terms contribute the most to the correlation effects. We note
at this point that OT1 primarily contains correlation effects
arising from the interaction of pairs of electrons. T †

1 OT1 also
contains effects involving pairs of electrons, but the interplay
between the EDM and Coulomb interactions is more complex.
The next-leading-order contributions arise from T †

1 OT1. Al-

TABLE I. Calculated values of Eeff , Ws (with MA = 256), and µ for LrO, LrF+, and LrH+ using the RCCSD method and comparison with
literature values when they are available. We also compare these values with calculations of the corresponding quantities for other molecules
and atoms (see the text for further details). Note that in the literature values given for molecules, the authors used ZA in place of MA in the
definition of Ws, and we have multiplied by MA/ZA to rescale those values to be consistent with the definition adopted in the present work.

Molecule Eeff Ws Ws/Eeff Ws/Eeff µ Reference
(GV/cm) (kHZ) (kHz cm/GV) (10−21 e cm) (D)

LrO 258.92 2565.54 9.91 41.03 4.58 This work
250.21 2367.77 9.46 39.16 [28]
246.5 [49]

LrF+ 246.31 2445.83 9.93 41.11 12.29 This work
LrH+ 343.38 3402.36 9.91 41.03 11.05 This work
ThO 87 300.24 3.45 14.29 4.27 Ref. [2]
HgF 115.42 668.37 5.79 23.97 3.96 Ref. [8,27]
HfF+ 22.5 49.41 2.20 9.11 [50]
YbF 23.2 100.67 4.34 17.97 3.91 [51]
Atom R S (10−18 e cm) S/R (10−21 e cm) Reference
Cs 120.53 0.80 6.64 [52,53]
Tl 558 6.77 12.13 [54]
Rb 25.74 0.11 4.27 [52]
Fr 812.19 10.62 13.08 [55]
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Lr Production
Candidates of Lr isotope for EDM exp.: 256Lr(T1/2 = 27s) , 266Lr (T1/2 = 11h) 

Not directly synthesized. 
A decay product of 294Ts

Reaction σprod
/ nb

beam 
current

Transport
+Mass sep. eff.

Beam intensity after Mass 
sep.(ion/min)

@JAEA 249Cf + 11B 122 200 pnA ~10 % 2 
@RIKEN
GARIS

209Bi + 48Ca 60 2000 pnA ~30% 30

@RIKEN
ISOL*

209Bi + 48Ca 60 2000 pnA ~10% 10

* Assuming a gas-jet ISOL (similar to JAEA) is available at RIKEN RILAC

Directly synthesized. 

Production of Lr molecules
LrO+ : Lr + trace amount O2(contaminants in a carrier gas or additional O2)
LrF+ : LnFx ion beam has been produced @ CERN-ISOLDE in a molten metal target. 

In the case of Lr, fluorination gas (ex. CF4) needs to  be introduced.

Lr molecules production yield 

New idea of the quantum sensing is required for the limited number of the particles . 
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Spin Squeezed State（SSS）

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

Figure 1. Energy diagram and experimental setup for the atom–light interaction proposed to create the SSS. (a) Energy diagram
and related transitions in the atom. The detuning of the probe light is set to the midpoint of the hyperfine splitting in the S state.
A MW field is resonant between the hyperfine states of | ↑〉 and | ↓〉. (b) Lattice light creates a trap potential in the cavity, which
atoms are trapped at anti-nodes. The peak of the probe light overlaps with the atoms in the optical lattice. The atoms will feel
close to maximum intensity at the anti-node of the probe standing wave. The probe beam in introduced to the optical cavity
through an electro-optical modulator (EOM) and an optical isolator in order to enable stabilisation through the
Pound–Drever–Hall (PDH) technique [48]. Reflected probe light is monitored on a photo detector (PD). An electric field EDC is
generated by a pair of the electrodes, and a magnetic field Bext by a pair of Helmholtz coils. DBM: double-balanced mixer.

the Ramsey resonance δθ is:
δθ = 1/

√
N, (1)

where N is the total number of atoms. This is the so called ‘SQL’ or shot noise limit [21]. If a k-particle
entanglement state exists in the N particle atomic ensemble, the uncertainty of equation (1) is improved as
a bound for metrologically useful state as [22]

δθ = 1/
√

kN. (2)

For k = N, equation (2) gives the so called ‘Heisenberg limit’ (δθ = 1/N). Several kinds of entangled states
may decrease the detection limit below the SQL [18, 22]. One of these is the SSS.

The SSS of atoms was first proposed by Kitagawa and Ueda [23] that shows the net interaction is
proportional to square of the collective spin of the atoms. This interaction using Faraday rotation of light
was also shown in [24]. As an applications of SSS for atomic clocks, Wineland et al [25, 26] discussed the
squeezed Bloch vector in a Ramsey resonance in order to decrease the uncertainty of the signal [26]. By
interacting with the square of spins via collisions, the reduction of the uncertainty using the SSS to below
the SQL have been demonstrated for a Bose Einstein condensate [27].

On the other hand, Kuzmich et al [28] and Takahashi et al [29] have suggested measurements based on
the use of linearly polarized light. In experiments, the uncertainties in the case of SSS have been shown to
reach below the SQL in Yb [30] and Cs [31] by using the above method. Lately, the squeezing gain of
ultracold Rb has been enhanced by using an optical cavity [32, 33]. The SSS for more than 105 Rb atoms in
an optical lattice improved the stability of the MW atomic clock transition in a proof-of-principle
experiment [19]. Recently, it has been shown that the SSS improved stability of the Yb optical lattice clock
[20]. This suggests that carrying out an eEDM measurement by generating the SSS in an optical cavity can
boost its precision to an unprecedented level.

First, we consider a three-level atom interacting with monochromatic probe light, as shown in
figure 1(a). The optical frequency is detuned midway between the hyperfine levels |↑〉 and |↓〉 with the
detuning ∆ = ωa/2, where ωa is the hyperfine splitting between the |↑〉 and |↓〉 states. The states |↑〉 and
|↓〉 are coupled with a MW field to enable the Ramsey resonance experiment. The atom is prepared in an
optical cavity with a resonance frequency ωc, which corresponds to the light frequency (figure 1(b)). Atoms
are trapped at anti-nodes of the standing wave produced by the superposed lattice beam inside the cavity.
The probe beam is generated by frequency doubling of the lattice light. The wavelengths for the probe and
lattice lights are 718 nm and 1436 nm, respectively. The peak of the probe light’s standing wave enfolds the
atoms in the optical lattice of the cavity as shown in figure 1(b). In this configuration, the probe light is
approximately uniformly coupled to all atoms [19]. In the following discussion of atom–light interaction,
we omit the effect of the lattice light. The electric field EDC generated by a pair of electrodes and the
magnetic field Bext applied by a pair of Helmholtz coils will be affecting the atoms (figure 1(b)).
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Quantum sensing of EDM with entangled Fr atoms 
～ Uncertainty of the phase of Ramsey resonance with Squeezed Spin State ～
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EDM of light nuclei and counting rule

dA(pol) ～ d(2/3H) + n x 0.005 Gπ(1) e fm
α-N polarization 
(times # α-N combinations)

Isovector coupling obeys 
 a counting rule

α α

p
n

n

d11B = 0.02 G(1)π e fm

Example 
 of 11B EDM:

3H cluster

NY, T. Yamada, Y. Funaki, in preparation

EDM of cluster 
with open shell

Isoscalar and isotensor appears from  
single valence nucleon and 3H cluster  
(vanish for α-N polarization)

EDM of light nuclei can be measured using storage rings
⇒ No Schiff’s screening
⇒ Very high sensitivity to new physics expected

⇒ Explained by the cluster structure 

Schiff moment of octuple deformed nuclei: enhancement

Octupole deformation occurs in heavy nuclei (225Ra, 223Rn, 223Fr, etc)

Octupole deformation

225Ra

⇒ enhance nuclear Schiff moment

199Hg

a0(isoscalar) a1(isovector) a2(isotensor)

Octupole deformation enhances by O(1000) times!!

J. Dobaczewski and J. Engel, Phys. Rev. Lett. 94, 232502 (2005) 
J. Dobaczewski et al., arXiv:1807.09581 [nucl-th].

-1.5 e fm3 6.0 e fm3 -4.0 e fm3

0.02 e fm3 -0.007 e fm3 0.03 e fm3

(Comparison 199Hg result of S. Ban et al., Phys. Rev. C 82, 015501 (2010))

⇒ close opposite parity levels
⇒ parity doubling due to axially asymmetric shape

Comparison of Schiff moment with 199Hg:

momentum of the state and p is its parity. (For 224Ra the previously
measured value of t21 cannot be determined independently as the
21 R 01 transition is contaminated with the Ra X-rays.) In both cases
the fitted matrix elements for the 21 R 01 E2 transition (220Rn) and
for the 41 R 21 E2 transition (224Ra) were found to agree, within the
experimental uncertainties, with the values obtained using the lifetime
measurements.

The measured E1, E2 and E3 matrix elements for 220Rn and 224Ra
are given in Table 1. The values of the intrinsic moments, Ql, are given
in Fig. 3. These are determined from the experimental values of the
reduced matrix element between two states having angular momenta
I and I9 induced to undergo a transition by the electromagnetic oper-
ator El, ,I9jjEljjI., assuming the validity of the rotational model22.
Here l 5 1,2,3 refers to E1, E2, E3 respectively. For the E2 and E3 matrix
elements, the measured values are all consistent with the geo metric
predictions expected from a rotating, deformed distribution of electric
charge, although these data do not distinguish whether the negative-
parity states arise from the projection of a quadrupole-octupole de-
formed shape or from an octupole oscillation of a quadrupole shape32.
Table 2 compares the experimental values of Ql derived from the
matrix elements connecting the lowest states for nuclei near Z 5 88
and N 5 134 measured by Coulomb excitation. It is striking that while
the E2 moment increases by a factor of 6 between 208Pb and 234U, the E3
moment changes by only 50% in the entire mass region. Nevertheless,
the larger Q3 values for 224Ra and 226Ra indicate an enhancement in
octupole collectivity that is consistent with an onset of octupole
deformation inthis mass region. On the other hand, 220Rn has similar
octupole strength to 208Pb, 230,232Th and 234U, consistent with it being
an octu pole vibrator. In the case of a vibrator, the coupling of an
octupole phonon to the ground state rotational band will give zero
values for matrix elements such as ,12jjE3jj41., because an aligned
octupole phonon would couple the 41 state to a 72 state. Although the
present experiment does not have sensitivity to this quantity, this
effect has been observed for 148Nd in the Z < 56, N < 88 octupole
region33, while for 226Ra the intrinsic moment derived from the
measured ,12jjE3jj41. is similar to that derived from the value
of ,01jjE3jj32. (ref. 23). The deduced shapes of 220Rn and 224Ra
are presented in Fig. 4. Here the values of quadrupole and octupole

deformation b2 and b3 were extracted from the dependence of the
measured Q2 and Q3 on the generalized nuclear shape34.

The conclusions drawn from the present measurements are also
consistent with suggestions from the systematic studies of energy
levels7 (relative alignment of the negative-parity band to the positive-
parity band) that the even–even isotopes 218–222Rn and 220Ra have
vibrational behaviour while 222–228Ra have octupole-deformed char-
acter (see figures 12 and 13 in ref. 7). For odd-mass 219Ra there is no
evidence35 for parity doubling, whereas for 221Ra a parity doublet of
states with I 5 5/2 separated by 103.6 keV has been observed36. In the
Ba–Nd region with Z < 56 and N < 88, where the octupole states arise
from vibrational coupling to the ground-state band, the evidence for
parity doubling of the ground state arising from reflection asymmetry
is inconclusive37,38. This suggests that the parity doubling condition
that leads to enhancement of the Schiff moment15 is unlikely to be met
in 219,221Rn. On the other hand 223,225Ra, having parity doublets sepa-
rated by ,50 keV (ref. 21), will have large enhancement of their Schiff
moments.

The values of Ql, deduced from the measured transition matrix
elements, are plotted in Fig. 5 as a function of N. The anomalously low
value of Q1 for 224Ra, measured here for the first time, has been noted
elsewhere9,13,39. The measured Q1 and Q2 values are in good agreement
with recent theoretical calculations of the generator-coordinate exten-
sion of the Gogny Hartree–Fock–Bogoliubov (HFB) self-consistent
mean field theory16, particularly using the D1M parameterization40.
However, as remarked earlier, the trend of the experimental data is
that the values of Q3 decrease from a peak near 226Ra with decreasing
N (or A), which is in marked contrast to the predictions of the cluster
model calculations17. It is also at variance with the Gogny HFB mean-
field predictions of a maximum for 224Ra (ref. 16). It should be noted,
however, that relativistic mean field calculations14 predict that the
maximum value of Q3 occurs for radium isotopes between A 5 226
and 230, depending on the parameterization, and Skyrme Hartree–
Fock calculations15 predict that 226Ra has the largest octupole defor-
mation. Both predictions are consistent with our data. We cannot
completely eliminate the possibility that there are unobserved coupl-
ings from the ground state to higher-lying 32 states that should be
added (without energy weighting) to the observed coupling to the

Table 2 | The values of the E2 and E3 intrinsic moments, Ql

Ql Nucleus

208Pb 220Rn 224Ra 226Ra 230Th 232Th 234U

Q2 (e fm2) 179 6 4 (ref. 44) 434 6 14 632 6 10 717 6 3 (ref. 23) 900 6 6 (ref. 45) 932 6 5 (ref. 46) 1,047 6 5 (ref. 45)
Q3 (e fm3) 2,100 6 20 (ref. 44) 2,180 6 130 2,520 6 90 2,890 6 80 (ref. 23) 2140 6 100 (ref. 47) 1970 6 100 (ref. 48) 2,060 6 120 (ref. 47)

Values of Ql given here are derived from the matrix elements (seeFig. 3 legend) connecting the lowest-lying states in nuclei near Z 5 88 and N 5 134. The values for 220Rn and 224Ra are taken from the present work.
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Figure 4 | Graphical representation of the shapes of 220Rn and 224Ra.
a, 220Rn; b, 224Ra. Panel a depicts vibrational motion about symmetry between
the surface shown and the red outline, whereas b depicts static deformation in

the intrinsic frame. Theoretical values of b4 are taken from ref. 10. The colour
scale, blue to red, represents the y-values of the surface. The nuclear shape does
not change under rotation about the z axis.
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J. L. Feng, Annu. Rev. Nucl. Part. Sci. 63, 351 (2013).

l e EDM with Fr atoms 〜 sensitive to the colorless SUSY particles 
l LHC: hadron collider, and not so sensitive to colorless particles 
l Fr EDM 〜 can explore the mass scale > TeV region : 10-30 ecm

Explored energy range 
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Summary
Optical lattice（OL） atomic interferometer development 〜 in progress to search for e-EDM

ü Fr production 〜 ready : extraction efficiency close to maximum 
ü OL and co-magnetometer : proof-of-principle with Rb/Cs atoms 〜 ready  

Improvement 〜 in progress

l Increase Fr ion beam yield 𝑓!"#,* → 10× ⁄-! $..0×𝑓!"#,* 〜 ×10 intensification of primary beam

l Mass filter to reduce the BG

l Y surface purification 〜 Baking + sputtering + annealing

l MOT cell installation 𝜀123 → 18×𝜀123 〜 Confine atoms within cell

Dual atoms co-magnetometer with optical lattice for Rb/Cs

Ø Successfully demonstrated the principle 〜 for the first time 
Ø At present, measurement accuracy 〜 100 pT achieved 

Ø EDM sensitivity 〜 10-30 ecm 〜 new physics energy scale > TeV can be explored 
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