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Electromagnetic moments of nuclei
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A nucleus is a finite-size quantum system with a charge distribution 𝜌(𝐫) and a current distribution 𝐉(𝐫).
Electromagnetic multipole moments are the coefficients obtained by classifying them according to angular momentum and 
rotational symmetry.

Here, λ ≤ 2I

λ: multipole rank (angular momentum)
m: magnetic quantum number

To get 𝐼𝑀 𝑂
෡

𝐼𝑀 ≠ 0 , Only even electric multipoles and odd magnetic multipoles can become static moments.

multipole parity T-symmetry

Eλ even

Mλ odd

(−1)𝜆

(−1)𝜆+1

T even T odd 

P even E0, E2, E4,…（charge） M1, M3, M5,…（current）

P odd  E1, E3,… (P-forbidden) M2, M4,… (P,T-forbidden)

odd → vanishes for a parity eigenstate
T odd → can be compensated by spin (T odd)
Rotational symmetry → tensors of the same rank are needed

𝜆𝑄𝜆𝑚 ≡ ∫ 𝑑3𝑟𝜌(𝐫)𝑟𝜆𝑌𝜆𝑚(𝐫
̂
)    Electric multipole operator Eλ

𝜆𝑀𝜆𝑚 ≡
1

𝑐
∫ 𝑑3𝑟𝑟𝜆 𝐘𝜆𝑚

(𝜆)
(𝐫

̂
) ⋅ 𝐉(𝐫)

𝜆𝑚
Magnetic multipole operator Mλ
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𝜆𝑄𝜆𝑚 ≡ ∫ 𝑑3𝑟𝜌(𝐫)𝑟𝜆𝑌𝜆𝑚(𝐫
̂
)Electric multipole operator Eλ

𝜆𝑀𝜆𝑚 ≡
1

𝑐
∫ 𝑑3𝑟𝑟𝜆 𝐘𝜆𝑚

(𝜆)
(𝐫

̂
) ⋅ 𝐉(𝐫)

𝜆𝑚
Magnetic multipole operator Mλ

E0: 𝑄00 = ∫ 𝑑3𝑟𝜌(𝐫) = 𝑍𝑒 charge

E1: 𝐝 = ∫ 𝑑3𝑟𝜌(𝐫)𝐫 EDM

E2: 𝑄2𝑚 ∼ ∫ 𝑑3𝑟𝜌(𝐫)(3𝑧2 − 𝑟2) deformation (prolate/oblate)

E3: 𝑄30 ∝ ∫ 𝑑3𝑟𝜌(𝐫)(2𝑧3 − 3𝑧𝑥3 − 3𝑧𝑦2) ←𝑧-symmetric case P-violation (pear shape)

M1: 𝜇 =
1

2
∫ 𝑑3𝑟𝐫 × 𝐉(𝐫) magnetic moment

M3: Ω ∝ ∫ 𝑑3𝑟 (3𝑧2 − 𝑟2)(𝐫 × 𝐉)𝑧 ←z-symmetric case, static deformation  octupole moment

Here, 𝜆 ≤ 2𝐼

𝜆: multipole rank (angular momentum)
m: magnetic quantum number

Electromagnetic moments of nuclei
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Electromagnetic moments of nuclei
Even though both are called octupole, E3 and M3 are different.

Compared with E3, M3 has one less spatial dimension.

E3-only nuclei

→ strong octupole correlation,

but the currents do not align at low spin

M3-only nuclei

→ weak or non-collective octupole correlation,

but a distorted current pattern

Both E3 and M3 large

→ strong octupole correlation and also high 

spin

Microscopic origin: opposite-parity pairs with Δℓ = Δj = 3 lie near the Fermi surface
↓

large octupole matrix elements
↓

octupole correlations grow collectively
↓

the mean field breaks parity
↓

parity doublets appear at low excitation through quantum tunneling

"Large" octupole correlation



Atomic hyperfine structure

+𝐶
5

4

𝐾3 + 4𝐾2 +
4
5

(−3𝐼(𝐼 + 1)𝐽(𝐽 + 1) + 𝐼(𝐼 + 1) + 𝐽(𝐽 + 1) + 3) − 4𝐼(𝐼 + 1)(𝐽 + 1)

𝐼(𝐼 − 1)(2𝐼 − 1)𝐽(𝐽 − 1)(2𝐽 − 1)

+𝐷. . . ,

μ Q

𝐾 = 𝐹(𝐹 + 1) − 𝐼(𝐼 + 1) − 𝐽(𝐽 + 1)
𝐸𝐹 = 𝐴

𝐾

2
+ 𝐵

3

4

𝐾(𝐾 + 1) − 𝐼(𝐼 + 1)𝐽(𝐽 + 1)

2𝐼(2𝐼 − 1)𝐽(2𝐽 − 1)

Ω
See also Ruben’s review: Atoms 2024, 12, 60 

Test case:
I=3/2, J=3/2
A=400 MHz, B=150 MHz, C=3 MHz



173Yb(I=5/2-) case
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Measurements of Ω :
A. K. Singh et al., PRA 87, 012512 (2013)
R. O. de Groote et al., PRA 103, 032826 (2021)
J. Jiang et al., PRL 136, 023001 (2026)

←C = 113(13) Hz in 5d 2D3/2

172,174Yb do not show the kind of exceptionally strong 
octupole collectivity seen in Ra, 
although non-negligible E3 strength does exist in them.



Ra case
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2+ 𝐸3 1− , 2+ 𝐸3 3− , 2+ 𝐸3 5−

          Large B(E3) → pear shape



Ra case
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Laser spectroscopy of neutral 222–233Ra (7s2 1S0 → 7s7p 3P1)
• Mean-square charge radii, μ and Q were measured systematically
• The odd-even staggering changes sign around N = 136–138

and the charge radius grows larger → maybe this indicates static octupole deformation?

Could 224Ra be a nucleus with both large E3 and 
large M3?

224Ra



Ra case
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Some population would be trapped in 7s7p 3P2.

Do we have an opportunity to observe a shift by the C 
constant?

T. Day Goodacre et al., Spectrochimica Acta Part B 150, 99 (2018)

“…can be understood as resulting from the decay from the 7s8s 3S1 state to the 
7s7p 3P2 state, from which there is no allowed transition path to the 7s2 1S0 
atomic ground state.”



How the experiment and the analysis 
would work
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Compare two models:

Model 1: A, B

Model 2: A, B, C

Ask whether allowing C significantly 
improves global consistency

7s2 1S0

7s7p 3P1

714 nm

7s8s 3S1

784 nm
7s7p 3P2

7s7d 3D3

644.6 nm



A staged program

Stage 1
Robust isotope shifts

and A/B measurements

Stage 2
Prepare and characterize

the 3P2 state

Stage 3
Ω-sensitive

multi-state spectroscopy

Why ARIEL?

This kind of work needs:

beam availability

flexibility

time for systematic preparation

ideally a dedicated spectroscopy environment

That is why ARIEL is so attractive for this program

Not only a Ra idea

A possible direction for next-generation 
laser spectroscopy of heavy exotic 
nuclei



12

Take-home message

Radium is one of the best places to study octupole deformation

We know octupole correlations are strong

What we still do not know directly is whether the ground state is statically reflection-
asymmetric

Multi-state CLS may provide a route through the rank-3 hyperfine interaction and Ω

I see this as a staged long-term program
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