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Historical Context of Ru Isotopes

𝑬(𝟒𝟏
+)

𝑬(𝟐𝟏
+)

= 2.14 2.27 2.32 2nd phonon structure 

was nearly 

degenerate.[7] H. Duckwitz et 

al.

(2013)

[4] L. Genilloud et 

al. 

(2000)

[8] Van 

Voorthuysen

et al. (1981). 

Spherical Vibrators

Multitude of Structural interpretations:

1. Near Spherical Vibrators

2. Transitional nucleus between spherical 

to γ-soft rotor

3. Shape coexistent chain.

Sangeet-Pal Pannu

Image: ANU Chart of Nuclides.

Image: ANU Chart of Nuclides.
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Multitude of Structural interpretations:

1. Near Spherical Vibrators

2. Transitional nucleus between spherical 

to γ-soft rotor

3. Shape coexistent chain.

Spherical Vibrators

U(5)

γ-soft rotor O(6)

T. Konstantinopoulos et al., PRC 95, 014309 (2017).

Historical Context of Ru Isotopes
Image: ANU Chart of Nuclides.
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β(01
+)=0.24

β(02
+)= 0.18

β(01
+)=0.28

γ ~ 25˚

β(02
+)=0.21

γ ~ 30˚

Srebrny, J., et 

al. Nuclear Physics. 

A, 766, 25–51

Garrett, P. E, et al. 

(2022). Physical 

Review. C, 106(6).

Unique deformations of low-lying 0+ States.Shape 

coexistence 

signatures 

AMBIGOUS!

Multitude of Structural interpretations:

1. Near Spherical Vibrators

2. Transitional nucleus between spherical 

to γ-soft rotor

3. Shape coexistent chain?

Historical Context of Ru Isotopes

Sangeet-Pal Pannu

Image: ANU Chart of Nuclides.

Signatures 

of Shape 

coexistence 

FOUND
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Shapes and Configuration Co-existence

Sangeet-Pal Pannu

“Normal” structures of 

nuclei conform to a single

intrinsic shape.

The COLLECTIVE

excitation characteristics 

“revolve” around this 

single shape.

0+

Excitation Energy

2+

4+

(𝟎. 𝟐𝟑, 𝟔𝟎°) 0.1 0.2 0.50.3 0.4

𝜷 characterizes the extent of 

deformation.

𝜸 denotes the degree of axial

symmetry.

(𝜷, 𝜸)

Shapes can be quantified by deformations parameters.
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Shapes and Configuration Co-existence

Sangeet-Pal Pannu

(𝜷, 𝜸)

0+

Excitation Energy

2+

4+

(𝟎. 𝟐𝟑, 𝟔𝟎°) 0.1 0.2 0.50.3 0.4

0+

2+

4+

(𝟎. 𝟓, 𝟎°)

Signatures of Shape 

Coexistence:

1. Unique energy spacing

of levels in bands

2. Different B(E2;2→0) in 

the bands.

Shape Coexistence: A 

critical benchmark for 

theoretical models.

Chains of Coexistence:

The ultimate stress test for 

tracking structural evolution.

Shapes can be quantified by deformations parameters.

Configuration 

Coexistence
𝑩 𝑬𝟐 ∝ 𝜷

𝐵 𝐸2 ~50𝑊. 𝑢

𝐵 𝐸2 ~20𝑊. 𝑢
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Spectroscopy of Ru isotopes

• Beta-decay of 98Rh to 

98Ru (2020)

• Coulomb excitation of 

102Ru (2022)

• Coulomb excitation of 

104Ru (2005)

𝟗𝟖𝑹𝒖, 𝟏𝟎𝟐𝑹𝒖, 𝟏𝟎𝟒𝑹𝒖 have diverse spectroscopic 

datasets with firm band assignments.

𝟏𝟎𝟎𝑹𝒖 last spectroscopy over 20 years 

ago; which has various conflicting

results with previous experiments.

Sangeet-Pal Pannu

Image: ANU Chart of Nuclides.
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Spectroscopy of 100 Ru

Sangeet-Pal Pannu

Missing/uncertain 

spectroscopy data limiting

idea of shape coexistence. 

Anomalously enhanced 

B(E2). 

𝑩(𝑬𝟐; 𝟐 → 𝟎)= 270 W.u
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Implications for clarifying Ru structure.

𝑚𝛽𝛽 ∝
1

𝑀0𝜈

Nuclear Matrix Element (𝑀0𝜈) is the overlap of the 

initial and final wavefunctions between the parent
and daughter nucleus.

Sangeet-Pal Pannu

→ Deformation position of Parent (150Nd) and 

Daughter (150Sm) nuclei. → NME is small.

→ Decay between states with different initial

and final deformations is hindered!

Strength of GT

transition

operators.

1. Fundamental Symmetries & Standard Model Physics: Better constraints on 

neutrino-less double-β decay (0νββ) candidate : 𝟒𝟐
𝟏𝟎𝟎𝑴𝒐 → 𝟒𝟒

𝟏𝟎𝟎𝑹𝒖.

T. R. Rodríguez & G. Martínez-Pinedo, Phys. Rev. Lett. 105, 252503 (2010).

𝟔𝟎
𝟏𝟓𝟎𝑵𝒅 → 𝟔𝟐

𝟏𝟓𝟎𝑺𝒎
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Neutron Capture: 𝟒𝟒
𝟏𝟎𝟎𝑹𝒖 𝒗𝒊𝒂 𝟒𝟒

𝟗𝟗𝑹𝒖(𝒏, 𝜸)

IFIN-HH (HPGe)

FIPPS (HPGe)
Fission Product Prompt 

Spectrometer

High flux of thermal neutrons were produced by 

the onsite research reactor via induced fission of 

235 U.

= 9.6 MeV
(6-9 MeV)

(100-2000 KeV)

ILL- (Institut Laue-Langevin)
Grenoble, France

S-wave resonance spacing 

𝐷0 = 0.025 keV.

40 capture states per keV.

44
100𝑅𝑢

44
99𝑅𝑢

5

2

+

2+ 𝒐𝒓 3+

Location:

Sangeet-Pal Pannu

Total Array Efficiency: 4.8% at 1MeV.

FWHM: 2.5 keV at 1MeV.

E1, M1, E2 Hierarchy

For primary decay.
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Neutron Capture: Experimental Spectrum

Sangeet-Pal Pannu

Spectroscopy with sensitivity for decay 

branches <1% possible through gating on 

primary transitions.

X- Primary Gammas

γ-Singles

35 hours of data collection

X

X
XXX

X

X

XX

X

X
X

X

X
X

X

𝟗
𝟔
𝟕
𝟑
𝑘
𝑒𝑉

→
0
1+

𝟗
𝟏
𝟑
𝟑
𝑘
𝑒𝑉

→
2
1+

𝟖
𝟒
𝟒
𝟕
𝑘
𝑒𝑉

→
4
1+

SE
2
1+

𝟖
𝟑
𝟏
𝟎
𝑘
𝑒𝑉

→
2
2+

𝟕𝟕𝟗𝟏 𝑘𝑒𝑉 → 31
+

D
E
2
1+

𝟕𝟓𝟎𝟔 𝑘𝑒𝑉 → 31
−
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Large B(E2) value casts doubt on the branch, and 

hence band assignment. 

Results:      Excited Band;      Large B(E2) 𝟎𝟑
+ 𝟐𝟒

+

𝟎𝟑
+ Band

Sangeet-Pal Pannu

Ground 

State Band
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Our Results  →

5
4

0

5
1
1

*

3
5

8

Gate on 1201 keV 

C
o

u
n

ts
 (

1
 k

eV
/b

in
)

Energy (keV)

Results:      Excited Band;      Large B(E2) 𝟎𝟑
+ 𝟐𝟒

+

Gated γ

Sangeet-Pal Pannu

Ground 

State Band

𝟎𝟑
+ Band

Signature of 

Shape

Coexistence!!!

𝑩 𝑬𝟐; 𝟐 → 𝟎 ~𝟑𝟓 W.u
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Results: Overview of Spectroscopy
Transitions:

• Total Identified: 305
transitions found.

• New Discoveries: 105
newly discovered.

Mixing Ratios:

• Total Extracted: 30 unique 

mixing ratios.

• Literature updates: 7 re-

measured values.

Sangeet-Pal Pannu

Band Structures:

• 02+ Band + γ Band 

structures.

• 03+ Band + 04+ Band 

determined!
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Results: Built Structure within 100Ru

Sangeet-Pal Pannu

New Band Structures!!New γ Transitions !!

B(E2) Values

63

1.6 (16) x𝟏𝟎−𝟓

𝟎𝟑
+ Band 𝟎𝟐

+ Band 𝟎𝟒
+ Band

𝟎𝒈𝒔
+ Band

𝜸 Band
Candidate
𝜸 Band

1.9(10)
30(10)

30(5)

375.47
< 558 

1110.6
0.70(8)

35.7(4)

50.8(4)

35(1)

38(8)

63(27)

56(6)

< 3.5

< 744
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Summary/Next Steps

100Ru has signatures of shape coexistence, the assertion cannot be made based Soley on 

level structure analysis.

→ We require a methodology of to extract the shape parameters!

Solution: Coulomb excitation studies which can extract b and g parameters

in a model-independent method!

Next Steps are under progress: 

Our group and collaborators from HIL in Warsaw, Poland are doing exactly that!

100Ru Coulomb excitation was successfully completed!
Our updated results from this analysis will allow the precise evaluations of the gamma and beta 

parameters!

Sangeet-Pal Pannu
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Backup: Phenomenon of Shape Coexistence.

Sangeet-Pal Pannu

Heyde and Wood, RMP 83, 1467 (2011)

Unperturbed Energy 

of Particle-Hole 

Excitation

Particle-Hole Excitation

2 Protons are excited out 

of the closed core.

0+

2+

4+

0+

Normal Energy levels

Expected 0+ Energy 
State

0+

Ex
ci

ta
ti

on
 E

ne
rg

y
(M

eV
)

INTRUDER 0+ Energy 
State

Energy correlations
reduce expected

energy state. 

Pairing
interaction 

Energy.

Monopole 

Shift 

Energy.

Quadrupole π- ν 
interaction energy
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• Direct Reaction: Only Electromagnetic interactions

• Best method for extracting shape invariant 

parameters.

• Model independent results!

*Animation from H. J. Wollersheim, GSI

Target 
Nucleus

Beam 
particle

Backup: Coulomb Excitation, Probe for Shapes
De-excitation via gamma emissions.Excitation via EM Interactions.
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GOSIA CODE

Spectroscopic data

BR, 𝛿(
𝐸2

𝑀1
)

Level Scheme

Measured 

γ-ray yields

Experimental 

setup

Initial Matrix 

Elements

From Coulomb 

excitation data
Fixed 

Parameters

Set of matrix elements 

and errors

𝐼𝑎 |𝐸2| 𝐼𝑏

~ 𝛽2

~ 𝛽3𝑐𝑜𝑠3𝛾
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Backup: Coulomb Excitation, Probe for Shapes



0+

𝐽𝜋 = 1+

2 Level Cascade
(𝐸2> 𝐸1)

𝛾2

𝐸2

𝐸1

𝑚1 = +𝟏 𝑚1 = −𝟏

Angular Correlations

𝑚0 = 𝟎

𝑚1 = 𝟎

∆𝒎 = −𝟏∆𝒎 = +𝟏

𝑳 = 𝟏 (∆𝒎 = ±1) ∝
1

2
1 + cos2 𝜃

𝑳 = 𝟏 (∆𝒎 = 0) ∝ sin2 𝜃

Multipole character has an angular emission 
probability.

∆𝑚 = 0(𝑳𝟐
′ /𝐿2)

Behind the scenes Degenerate

Magnetic Sub-states

Canada, ON
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Backup: Coulomb Excitation, Probe for Shapes



Angular Correlations

𝑳 = 𝟏 (∆𝒎 = ±1) ∝
1

2
1 + cos2 𝜃

𝑳 = 𝟏 (∆𝒎 = 0) ∝ sin2 𝜃

Multipole character has an angular emission 
probability.Behind the scenes

𝐽𝜋= 0+

0+

1+

3 Level Cascade
(𝐸1>𝐸2> 𝐸3)

𝛾1

𝛾2

𝑚1 = +𝟏

𝑚0 = 𝟎

𝑚0 = 𝟎

𝑚1 = 𝟎

∆𝒎 = +𝟏

∆𝒎 = +𝟏

∆𝑚 = 0

∆𝑚 = 0(𝑳𝟐
′ /𝐿2)

(𝑳𝟏
′ /𝐿1)

𝐸1

𝐸2

𝐸3

∆𝒎 = −𝟏

∆𝒎 = −𝟏

𝑚1 = −𝟏

𝑾𝒆𝒙𝒑 𝜽 ∝
1

2
1 + cos2 𝜃 + 1

2
1 + cos2 𝜃 + sin2 𝜃 ∝ 𝟏
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Backup: Coulomb Excitation, Probe for Shapes
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Angular Correlations
Behind the scenes

𝐽𝜋= 0+

0+

1+

3 Level Cascade
(𝐸1>𝐸2> 𝐸3)

𝛾1

𝛾2

𝑚1 = +𝟏

𝑚0 = 𝟎

𝑚0 = 𝟎

𝑚1 = 𝟎

∆𝒎 = +𝟏

∆𝒎 = +𝟏

∆𝑚 = 0

∆𝑚 = 0(𝑳𝟐
′ /𝐿2)

(𝑳𝟏
′ /𝐿1)

𝐸1

𝐸2

𝐸3

Define 𝜸𝟐 as the fixed ො𝒛
direction.
𝜃1 = 0

Measure angular emission probability 𝑊𝑒𝑥𝑝 𝜃

with respect to Ƹ𝑧 direction of 𝜸𝟐.

∆𝒎 = −𝟏

∆𝒎 = −𝟏

Det 2

𝛾1

𝛾2

𝜃2
ො𝒛

𝑳 = 𝟏 (∆𝒎 = ±1) ∝
1

2
1 + cos2 𝜃

𝑳 = 𝟏 (∆𝒎 = 0) ∝ sin2 𝜃

𝑊𝑒𝑥𝑝 𝜃

Note: Det 1 and 2 are equivalent HPGe detectors.
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Backup: Coulomb Excitation, Probe for Shapes
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Backup: Angular Correlations Methodology

Sangeet-Pal Pannu

𝐽3
𝜋

3 Level Cascade
(𝐸1>𝐸2> 𝐸3)

𝑳′𝒊 = 𝐿𝑖 + 1

Where 𝐿𝑖 is the 
multipole.

𝛾1

𝛾2

𝐸1

𝐸2

𝐸3

𝛿2(𝑳𝟐
′ /𝐿2) = 0

𝛿1(𝑳𝟏
′ /𝐿1)

𝐽2
𝜋

𝐽1
𝜋

𝑊𝑡ℎ𝑒𝑜 𝜃𝑖 = 1 + 𝒂𝟐𝑃2 𝑐𝑜𝑠𝜃𝑖 + 𝒂𝟒𝑃4 𝑐𝑜𝑠𝜃𝑖

𝜹𝟐 = 𝟎, as 𝜸𝟐 is usually a pure Multipole (𝐿′𝑖 = 𝐿𝑖) transition and has no 
mixing.

=

Mixing Ratio dependence
Constant terms tabulated in [5]

Angular Correlations
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Backup: Inversion @ 96-98 Ru

Sangeet-Pal Pannu

• Occupancies of orbitals with respect to spherical 
HF states extracted

• Generally, p-h content increases as N, reflecting 
higher deformation in both gs and 02

+ state  

• Change in proton p-h content for 01
+ and 02

+ states 
from 96Ru to 98Ru – crossing of configurations in 
calculations

• Large increase in neutron p-h content occurring 
from 96Ru to 100Ru 

PG et al.,  PLB 809, 135762 (2020)
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Backup: Beamline information

Sangeet-Pal Pannu

Both have a high neutron capture cross 

section

Avoids the γ ray background from 

boron being carried through beamline

Absorb the neutrons backscattered 

from the apertures.

The beam tubes are made of thin-walled aluminum metal, which is 

virtually transparent to neutrons. 

The neutron beams are guided in nickel-coated glass.

High reflectivity, which contain the neutrons in the guides.
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Backup: Overestimation of Collectivity in 102Ru

Sangeet-Pal Pannu

Predictions overestimate the degree of deformation of all states

Garrett, P. E, et al. (2022). Physical Review. C, 106(6).

𝟒𝟒
𝟏𝟎𝟐𝑹𝒖

Experimental results from Coulomb excitation. Beyond Mean Field Calculations
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Backup: BMF Wavefunction Plots

Model Complexity: Facilitates deeper 

insights into structural evolution and 

configuration mixing.

Wavefunction distributions in

(b,g) plots. 

Allows access to state 

deformation properties.
b

g

0
0°

60°

30°

Sangeet-Pal Pannu
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Backup: Configuration interactions Calculations

𝟒𝟒
𝟏𝟎𝟐𝑹𝒖 𝐧, 𝜸 results:

Sangeet-Pal Pannu

Exchange of properties between the  0+ 

configurations, as simulated in two-level mixing.

𝑫𝟏 = 𝟎𝟏
+ 𝑫 𝟎𝟏

+ = 𝜶𝑫𝟏𝒖 + 𝜷𝑫𝟐𝒖

Mixing amplitudes

𝑫𝟐 = 𝟎𝟐
+ 𝑫 𝟎𝟐

+ = −𝜷𝑫𝟏𝒖 + 𝜶𝑫𝟐𝒖

𝟎𝟑
+ experimental results were scarce and 

unable to explore its effect on lower 0+ 
configurations

𝟎𝟏
+
→ Past crossing point 

collectivity increases.

𝟎𝟐
+
→ Past crossing point 

collectivity decreases.
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Backup: Configuration interactions Calculations

𝟒𝟒
𝟗𝟖𝑹𝒖 results:

Sangeet-Pal Pannu

𝟒𝟒
𝟗𝟖𝑹𝒖: 𝟎𝟏

+ Moment of inertia is Small.

𝟎𝟐
+ Moment of inertia is Large

Moment of Inertia

𝑬𝒓𝒐𝒕 =
ℏ

𝟐𝚻
𝑰(𝑰 + 𝟏)𝟒𝟒

𝟏𝟎𝟎𝑹𝒖: 𝟎𝟏
+ Moment of inertia is Large.

𝟎𝟐
+ Moment of inertia is Small

𝟒𝟒
𝟏𝟎𝟐𝑹𝒖: 𝟎𝟏

+ Moment of inertia is Large.

𝟎𝟐
+ Moment of inertia is Small 

Slope of lines has inverse relation to moment of 

Inertia.

𝟎𝟏
+

𝟎𝟐
+

𝟎𝟏
+

𝟎𝟐
+

𝟎𝟐
+

𝟎𝟏
+


