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Background : Nuclear Models 

Shell Model Collective Model

• Independent particle model • Groups of nucleons act together  

• Designed to account for quantal 
properties of nuclei, such as spins, 

quantum states, magnetic moments, and 
magic numbers.  

• Integration of both global properties and 
quantal properties of nuclei  

• Two major types of collective motion:
1. Rotations: Rotations of a deformed 

shape
2. Vibrations: Surface oscillations

• Fundamental assumption that all the 
nucleons are different ; i.e. nucleons 

are fermions and must occupy different 
quantum states as a result of the Pauli 

exclusion principal



Background: Collective Model
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Project Motivation
Significance of Studying 100Ru:



Project Motivation : Probing Pairing Content via Two-Nucleon Transfer Reactions 

•To a high degree of accuracy, when both transferred nucleons are of the same type, they couple to total 
spin S = 0, so J = L:

As such, when the target S=0, the final states have J=L

•Pairing correlations are important for calculations of the nuclear matrix elements:

Do the correlations follow a normal BCS scheme or not?

•Reactions that involve the transfer of two alike particles, such as the (p,t) two-neutron transfer reactions, 
specifically probe such pairing correlations:

We are probing the pairing correlations in 100Ru via the 102Ru(p,t)100Ru reaction 

•Shape co-existence may disrupt the normal BCS distributions:

Shape coexistence is known to occur approximately in the Z=40 N=60 region of the nuclear chart  



Project Motivation
Significance of Studying 100Ru:



• The advantageous feature that this transfer reaction provides is the spin parities of the 
nuclear states for an even-even target. 

• We perform the 102Ru(p,t) reaction, locate the natural spin parity states in 100Ru, and 
examine the relative strengths of the excited 0+ states. 

•Using normal BCS pairing, the strength to excited 0+ states is expected to be a few 
percent. However, when we see strengths ~10 percent or greater, this is considered a 
significant enhancement in the transition strength, and therefore would reflect a very 
special characteristic of the excited state in question. 

Project Motivation: 102Ru(p,t)100Ru
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Purpose: Part of a multi-prong campaign aimed at investigating  the structure 
of 100Ru

March 2022June 2018 August 2019
Garching, Germany Warsaw, Poland

Ithemba LABS: Beta Decay MLL Q3D Magnetic Spectrograph :
Transfer Reaction 

Cape Town, South Africa 

HIL: Coulomb Excitation

Experiment: 102Ru(p,t)100Ru



102Ru(p,t)100Ru : Study of 100Ru via a two-neutron transfer reaction experiment performed using the Q3D 
magnetic spectrograph at the Maier-Leibnitz Laboratory, in Garching, Germany 

Q3D Magnetic Spectrograph :
Transfer Reaction 

Garching, Germany 

• By removing a pair of particles from the system, one can study the 
neutron-pair properties of the states we observe in the reaction, 
leading to a better understanding of the structure of 100Ru.

• Experimental Procedure employed a target of 102Ru and bombard it with 
protons that effectively "pick-up" two neutrons from this target, resulting 
in the production of 100Ru. 

Experiment: 102Ru(p,t)100Ru



Quadrapole-3-Dipole Magnetic Spectrograph (Q3D)
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Spectra

100Ru 450 keV Excitation 
Energy Spectrum 

100Ru 1550 keV Excitation 
Energy Spectrum 

Due to the finite acceptance of the focal plane (i.e. length of the detector), data are collected in 
finite “bites” differentiated with different magnetic field settings

100Ru 2550 keV Excitation 
Energy Spectrum 



Angular Distributions Compared with FRESCO Calculation

• Calculations were 
performed by assuming a 
direct di-neutron transfer 
of particles in the ji=g7/2
orbit; shapes are nearly 
independent of ji  

• The calculations are not
expected to accurately re-
produce the shape, but 
rather to act as a guide.



Spin Assignments 

Energy and Angular 
Momentum 
Assignments for 
observed energy levels 
in the first and second 
momentum bite of 
collected 102Ru(p,t) data 
at a beam energy of 
22MeV.

The literature values for 
energy and parities are 
from the Nuclear Data 
Sheets found on NNDC 



Population of Excited 0+ States
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• Motivation: To study the structure of 100Ru via di-neutron transfer using Q3D Magnetic 
Spectrograph to perform 102Ru(p,t)100Ru. 

• Two-neutron transfer reactions probe the pairing correlations between nuclear wave 
functions; if the relative 0+→ 0+ transition strengths to excited states are greatly 
enhanced (i.e. greater than a few percent), it indicates disruption of normal BCS 
pairing distribution
• Nothing has been observed out of the expected range of relative strengths to excited 0+ 

states

•Unique assignments of the excited spin states and their parities (natural spin states)

• Total of forty-four energy levels were observed and angular momenta for thirty-eight of 
these states were assigned. Several previously unconfirmed spins were confirmed, and a 
new (previously unobserved) level at 3036 keV was assigned 

Summary
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Quadrapole-3-Dipole Magnetic Spectrograph (Q3D)

Momentum Bites

Energy Range Accepted by 
Focal Plane Detector

8%

Proton Beam Energy Q-Value Reaction

22 MeV Q = -7.53995

Focal plane covered a 
momentum range of ~ 1.15 
MeV per momentum bite 

Four momentum bites of data were 
collected to cover and excitation 

energy range of ~4 MeV

+ X



Collective Model: Rotations
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Collective Model: Vibrations
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Angular Distributions Compared with FRESCO Calculation

• Calculations were 
performed by assuming a 
direct di-neutron transfer 
of particles in the ji=g7/2
orbit; shapes are nearly 
independent of ji  

• The calculations are not
expected to accurately re-
produce the shape, but 
rather to act as a guide.

Optical Model Parameters: • Proton: RL Varner et al., 
physics report, 201 pg 57 (pub 
1991)• Triton: FD Becchetti and GW 
Greenless, PhysRev 182 pg 
1190 (pub 1969)



Spectral Analysis

102Ru_pt_450_25_run75_rebin2.spe 

https://www.nndc.bnl.gov/nudat3/levelscheme/?nucleus=100Ru

Channel

Counts
100Ru



Project Motivation
Significance of Studying 100Ru: Double beta decay of 100Mo to excited states of 100Ru. Potential importance due to 
the possibility of using 100Mo for studies of the neutrino-less double-beta-decay process, that would shed light on 
the fundamental nature of neutrinos.

Figure: Investigation of double beta decay of 100Mo to excited states of 100RuMay 2014, p.25-36, Nuclear Physics, Section A



Quadrapole-3-Dipole Magnetic Spectrograph (Q3D)




