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4 hours of lectures:
Lects 1 & 2: Nuclear Structure and Gamma Spec.

Lects 3 & 4: EM Transition Rates & Nuclear Lifetimes. 
Lectures 1 & 2:  Some nuclear basics. 

• Decay modes and stability, the Segre chart, production and 
measurement of nuclei and excited nuclear states, selection rules.

• Why gamma rays? Types of gamma detectors. HpGe vs Scintillators. 

• How do you measure nuclear observables including  spins, parities and 
excitation energies?  

• Reactions around Coulomb barrier energies – Coulomb Excitation, 
Fusion-Evaporation Reactions, High-Spin vs low Spin ?  neutron rich 
spectroscopy; Channel selection; In-beam vs decay spectroscopy.

Lectures 3 & 4: Measurements of EM transition rates and excited 
state nuclear lifetimes. 

• What do they tell you ? 

• Doppler methods in-beam; 

• isomer and decay spectroscopy using e.g. fast-timing co-incidence 
spectroscopy.





‘Big’ Questions in Nuclear Structure Science?

• How do protons and neutrons interact?
• Can we write down a nuclear ‘force’ equation?

• Evolution of nuclear single-particle structure.
•  Why/where/how do nuclear excitations 

change from ‘single particle’ to ‘collective’ ?

• Why do some nuclei exhibit ‘deformation’ ?
• How do we measure nuclear ‘deformation’ ?
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Atomic Masses and Nuclear Binding Energies

M(Z,A) = mass of neutral atom of element Z as isotope A

M(Z,A) = m ( 11H ) + N.mn - BEnuclear

The binding energy is the

energy needed to take a nucleus

of Z protons and N neutrons

apart into A separate nucleons 

= binding energy

 MeV  eV

(nuclear + atomic)
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Mass of Z protons

+ Z electrons + N

neutrons (N=A-Z)

Mass of neutral atom



Ground (or meta-stable) State Decay:
 Radioactivity

• Beta or alpha decay (i.e. Q or Q >0).

• Proton emission (if Sp < 0).

These ‘decay’ modes populate excited states in 
the daughter nucleus which are defined by the 
selection rules in the excitation energy vs, spin 
plane (Ex, I) 

The selection rules are based on conservation 
of total mass-energy, linear and angular 
momentum conservation



Binding Energies/ Ground State Masses

Remember E = mc2

The valley represents 
the nuclei with the 
lowest total energy for
a constant A(=N+Z)

The nuclei up on the sides of 
the valley are unstable.

They decay successively until 
they reach stability.

M(Z,A) = m ( 11H ) + N.mn - BEnuclear



  - decay: I=0,1, selection):

1) Neutron-rich nuclei (fission)
 n  → p + - + n

2) Neutron-deficient nuclei (18F PET)
 p  → n + + + n

137Cs82

137Ba81

137Xe83

A=137 Mass Parabola
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Nucleus can 
be left in an 
Excited state.
 
Excess energy
released by 
gamma-ray 
emission.



Mass parabolas very useful for understanding
NORMS and radioactivity in general….
e.g., Doubly magic nature of 40Ca20 is
responsible for the long half-life of 40K due to 
highly-forbidden - decay. 



Nuclear structure matters! 
Q. Why no decay to an excited state in 40Ca?

A. I=2+ in Doubly Magic 40Ca @3904 keV

Understanding level schemes underpins metrology: 
e.g. The number of primordial 40K  decays equals the 
number of 1461 keV  rays emitted, divided by the 
‘branching ratio’ (0.1067).



Macroscopic (SEMF) model alone does not quite fit data…..
Need to also account for microscopic nuclear effects.
First evidence for nuclear shell structure.

Wang, M., Huang, W.J., 
Kondev, F.G., Audi, G. and 
Naimi, S., 2021. The AME 
2020 atomic mass evaluation 
(II). Tables, graphs and 
references. Chinese Physics C, 
45(3), p.030003.



Measuring Excited Excited States – 
Nuclear Spectroscopy  & Nuclear (Shell) Structure

• Nuclear states labelled  by spin and parity quantum numbers and energy. 
• Excited states (usually) decay by gamma rays (non-visible, high energy light).
• Measuring gamma rays gives the energy differences between quantum states.

gamma 
ray decay



Some nuclear observables.
1) Masses and energy differences
2) Energy levels
3) Level spins  and parities
4) EM transition rates between states
5) Magnetic properties (g-factors)
6) Electric quadrupole moments?

This is the essence of nuclear 
structure physics.

How do these change as functions
of N, Z, I, Ex ?



'Near-Yrast' decays
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The EM transition rate depends on E
2+1 ; the highest energy transitions 

for the lowest   are (usually) favoured. 
This results in the preferential population of yrast and near-yrast states. 



Nuclear Structure Physics with Gamma Spectroscopy.

• Measurement and properties of excited states and their internal 
energy levels.

• More than 3,000 nucleus species now created experimentally.

• Internal (nuclear) structure can be measured / observed by:

– Radioactive decay INTO the nucleus of interest (limited 
information depending on Q-values and selection rules).

– Create the nucleus of interest in an excited state and measure 
the decay sequence to the ground state via  rays (or  ICE e- s). 

– Large range of (Ex,I), depending on the population method.

– Different (Ex,I) ranges can be populated / probed using inelastic 
(neutron, , e-,…) scattering, Coulomb Excitation, fusion 

evaporation, projectile fragmentation and/or fission….



Paddy Regan and Bertram Blank 2000 Phys. World 13 (1) 29



Thoennessen & Sherrill, 

Nature, 473 (2011), p26



Fundamental Rules in Nuclear Structure Research

• The nuclei and final excited states populated 

depend on the reaction / decay mechanism used. 

• All of these are SELECTIVE in one way or another.

– Fusion-evaporation: higher spins; near yrast 

states; usually neutron deficient nuclei.

– (Prompt) Fission: Medium spins (~8-16 ħ per 

fragment; near yrast(ish) states; wide spread of 

neutron-rich nuclei centred around A~95 & ~135.

– Radioactive decay ( ) usually lower-spin 

states due to selection rules; I=0,1 ‘allowed’.

– Populated excited states below particle 

separation energies decay via EM selection 

rules and transition rates dependency.



EM decay selection rules reminder.

From M.Goldhaber & J.Weneser, Ann. Rev. Nucl. Sci. 5 (1955) p1-24



First excited state in (most)
even-N AND even-Z has I=2+ 

Excited state properties such as 
spin and parity depend on the
nucleon configurations. 

i.e., which specific orbits the 
protons and neutrons occupy. 

Different orbits costs different 
amounts of energy 
→ The result can be a 
complex energy ‘level scheme’.

Excitation energy
 (keV)

Ground state (Ex=0) 
config has I=0+ ;

2+

0+

~2 

 = 

‘pair 
gap’

Even-Even Nuclei



‘Simplest’ signature (of nuclear ‘shape’ and deformation) is the 
Excitation energy of the first spin/parity 2+ state, i.e. E(2+).



Excitation energy (keV)

Ground state
Configuration.
Spin/parity I=0+ ;
Ex = 0 keV

2+

0+

PHR, Physics World, Nov. 2011, p37



large gaps in single-particle structure of nuclei…MAGIC NUMBERS = ENERGY GAPS 



Nuclear Rotations: – the opposite of shell structure

Extreme theoretical limits for perfect rotor and 
vibrator in even-even nuclei are:
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More Evidence for Nuclear Shell Structure? 

N=50 N=82 N=126

21
+ state at higher energy

Low values of B(E2: 21
+→0+)

longer lifetimes of first 2+ state

(i.e. small transition probability)

N=126

N=82

N=50

E(2+) and B(E2) correlated:

Small E(2+) → large B(E2).





Measuring gamma rays:
Two main families of detectors for gamma spectroscopy.

1) Semiconductor materials, mainly Hyper-pure germanium (HpGe) 
detectors,  superior energy resolution requires ultra-pure 
semiconductor material, need cooling to LN2 temp (77K). 

1)  Scintillation materials such as NaI(Tl), BGO, LYSO, LaBr3(Ce)  & 
CeBr3 - generally poorer energy resolution but cheaper, high 
efficiency and in some cases very fast timing properties. Require 
some form of photomultiplier (PMT or SIPAD diode?) 



Measuring gamma rays

Two main families of detectors for gamma spectroscopy.

1) Semiconductor materials, Hyper-pure germanium (HpGe) detectors,  
superior energy resolution, need ultra-pure Ge and LN2 (77K).  

2)  Scintillation materials such as NaI(Tl), BGO, CsI, LYSO, LaBr3(Ce)  & 
CeBr3 – cheaper than HPGe but poorer energy resolution, operate at 
room temp, some very fast timing properties. Requires PMT / SiPAD 

S J Bell et al 2016 J. Phys.: Conf. Ser. 763 012010



n = 4-5



https://doi.org/10.1093/acrefore/9780190871994.013.93 

https://doi.org/10.1093/acrefore/9780190871994.013.93




John Vernon Dunworth, 

Director, NPL 1964–1977

CIPM President 1975-1985

Coincidence counting in nuclear physics is an ‘established’ idea.



Recent development include TRACKING arrays (GRETINA / GRETA, AGATA…)
Also Fragmentation Decay arrays (RISING; EURICA; DESPEC etc.)  and 
 ‘Hybrid’ arrays (e.g., EXILL+FATIMA, RoSPHERE,  NuBALL, GRIFFIN  etc.)

Compton Suppressed HpGe Arrays:
From the 1980s to the mid 2020s, arrays of Compton Suppressed Ge 
Detectors such as TESSA, HERA, 8, GASP, EUROBALL GAMMASPHERE, 
TIGRESS, INGA, RoSPHERE,, Miniball, JUROSPHERE, AFRODITE, etc have 
been the tools of choice for nuclear spectroscopy



Simpson, J., & Boston, A, (2024, January 30)
Progress in Gamma Detection for Basic Nuclear Science and Applications.
Oxford Research Encyclopedia of Physics. Retrieved 3 Oct. 2025, from 
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/
acrefore-9780190871994-e-93 .

https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93
https://oxfordre.com/physics/view/10.1093/acrefore/9780190871994.001.0001/acrefore-9780190871994-e-93


Simpson, J., & Boston, A, (2024, January 30)

Progress in Gamma Detection for Basic 
Nuclear Science and Applications.

Oxford Research Encyclopedia of Physics.
Retrieved 3 Oct. 2025, from 
https://oxfordre.com/physics/view/10.109
3/acrefore/9780190871994.001.0001/acref
ore-9780190871994-e-93.
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For 605 keV and 796 keV double gate, the peak-
to-total of the 569 keV is 40 %! 
Loss of statistics but much improved signal 
cleanliness.

Nuclear level schemes can be constructed using             
gamma-ray (time-correlated) energy coincidences.

‘Selecting’ a particular discrete gamma-ray energy in one 
detector and observing which transitions are in temporal 
coincidence with this particular transition.



Resolving and selection of weakly populated decay channels

41

Opening a window and demanding two detectors fire within removes the 
strong 137Cs 661.6 keV emission.

134Cs enhanced compared to background with just a timing/ multiplicity gate!







Argonne

GANIL

STELLA@Orsay

Surrey

NuBALL@Orsay

EURICA@RIBF

DESPEC@FAIR-0

FATIMA LaBr3 Detectors, used around the world



A.K.Mistry, H Albers et al. NIM A1033 (2022) 166662



94,96Pd isomers and lifetime analysis from DESPEC with HPGes



FATIMA FEP efficiency response measured 
By − to singles ratios in 96Pd.
GEANT4 simulations for array (Chishti, Jazrawi et al., NIM) 





96Pd I=8+isomer decay, gated on 1415 keV
2+ → 0+ transition. LaBr3 (T,E) matrix



−−T for transitions across individual states 96Pd50

96Pd50 I=8+ isomer, 
H. Mach et al., PRC95, 
014313 (2017), with BaF2 
T1/2 (6+) = 6.3(6) ns
T1/2 (4+) = 1.0(1) ns
T1/2(2+) < 17 ps







Lecture 2

Some useful nuclear structure reactions

1) Heavy-Ion Fusion.
2) Coulomb Excitation

3) Projectile Fragmentation /decay
4) Deep-inelastic reactions



Different nuclear reaction mechanisms?

• Heavy-ion fusion-evaporation reactions (HIFE) Eb~5 MeV/u

• Spontaneous fission (e.g. 252Cf) for neutron-rich nuclei.

• Deep-inelastic and heavy-ion fusion-fission reactions 
(makes near-stable/slightly neutron-rich residual nuclei).

• High-energy Projectile fragmentation / projectile fission at 
e.g., GSI / FAIR, RIKEN-RIBF, GANIL, MSU / FRIB.

• Coulomb excitation, EM excitations via E2 (usually).

• Single particle transfer reactions (p,d)

• Radioactivity,  decay ;  decay ; proton radioactivity

• Other probes (e,e’), (,’), (n,), (p,), (n,n’) etc.

First four generally populate ‘near-yrast’ states 
– most useful to see ‘higher’ spins states and excitations. 



Some nuclear observables.
1) Masses and energy differences
2) Energy levels
3) Level spins  and parities
4) EM transition rates between states
5) Magnetic properties (g-factors)
6) Electric quadrupole moments?

This is the essence of nuclear 
structure physics.

How do these change as functions
of N, Z, I, Ex ?





Energy levels are determined by 
measuring gamma-rays decaying 
from excited states.

Many, many possible states can be 
populated…many different gamma-ray
energies need to be measured at the 
same time (in coincidence).

(LN2 cooled) germanium detectors 
have the combination of good energy 
resolution (E~2 keV @ E=1 MeV) 
and  acceptable detection efficiency.

Various multi-detector ‘arrays’ of 
germanium detectors around the World.
e.g., GAMMASPHERE, MINIBALL, GaSp 
   JUROGAM, RISING, INGA, 
    EXOGAM, AGATA, GRETINA,
     NuBALL, EXILL+FATIMA, RoSPHERE
Fusion-evaporation reactions best way 
to make the highest spins.  Nuclear 
EM decay usually decay via ‘near yrast’ 
sequence (since decay prob ~ E2L+1)





What can we measure with the different population 

mechanisms?

1) Low-spin, limited-excitation energy and angular 

momentum population via radioactive (ground 

state and isomeric) decay. 

Can also can use  (n,n’), (’),  Coulomb 

Excitation.

2) High(er) Spin, HIFE and in-beam reactions, 

lead to higher excitation energy and higher angular 

momentum (spin) transferred. 

Populate near-yrast states in Fusion-evaporation 

reactions, projectile fragmentation, (fusion?)- 

fission, deep-inelastic reactions.



(n,n’) inelastic neutron scattering – gives direct population 
of low spins states – limited to studies of stable isotopes.

If En > Ex(I
) state can be populated., then EM decays back 

to ground state (usually directly).



(’) e.g. from ELI-NP, populates I=1- (and some 1+)  states.





‘In-beam’ (heavy)-ion induced nuclear reactions on fixed targets can result in a 
range of different nuclear reactions taking place.  

The specifics depends on the (1) beam and target nuclei (A,Z,I); 
(2) the beam energy (higher or lower than the Coulomb repulsion between the 
two nuclei), and (3) the impact parameter, b.



Coulex – Eb < ECoul:  EM interaction between beam 
and target protons (ZB, ZT) only.



E*R = EBeam + Qreaction-KErecoil

Maximum angular momentum input to 
compound system (lmax) depends on 
 l=rxp 
i.e. beam energy (linked to p) and 
maximum overlap of nuclear radii (r)



Example of Fusion-Evaporation Reaction – high-spins and ‘near-yrast’ population.
Nucleus formed using the 96Zr(9Be,4n)101Ru reaction at Eb= 44 MeV.
Decay (coincidence) gamma-rays measured using the YRASTBALL HpGe gamma-ray array.



'Near-Yrast' decays
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The EM transition rate depends on E2+1,, the highest energy transitions 

for the lowest   are (generally) favoured. 

This results in the preferential population of yrast and near-yrast states. 
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The EM transition rate depends on E2+1,, the highest energy transitions 

for the lowest   are (generally) favoured. 

This results in the preferential population of yrast and near-yrast states. 
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The EM transition rate depends on E2+1,, the highest energy transitions 

for the lowest   are (generally) favoured. 

This results in the preferential population of yrast and near-yrast states. 
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The EM transition rate depends on E2+1,, the highest energy transitions 

for the lowest   are (generally) favoured. 

This results in the preferential population of yrast and near-yrast states. 

= gamma-ray between 

     yrast states



'Near-Yrast' decays
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The EM transition rate depends on E2+1, (for E2 decays E
5) 

Thus, the highest energy transitions for the lowest   are usually favoured. 

Non-yrast states decay to yrast ones (unless very different  , K-isomers) 

=   ray from non-yrast state.

=   ray between yrast states
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The EM transition rate depends on E2+1, (for E2 decays E
5) 

Thus, the highest energy transitions for the lowest   are usually favoured. 

Non-yrast states decay to yrast ones (unless very different  , K-isomers etc.) 

=   ray from non-yrast state.

=   ray between yrast states
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The EM transition rate depends on E2+1, (for E2 decays E
5) 

Thus, the highest energy transitions for the lowest   are usually favoured. 

Non-yrast states decay to yrast ones (unless very different  , K-isomers) 

=   ray from non-yrast state.

=   ray between yrast states
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Yrast Traps

The yrast 8+ state lies lower in 
excitation energy than 
any 6+ state…
i.e., would need a ‘negative’ 
gamma-ray energy to decay 
to any 6+ state 



Selection and identification of high-spins states.

• Need a top quality gamma-ray spectrometer to measure 
full-energies of emitted gamma rays from (high-spin) 
excited nuclear states.

• Helpful to have some sort of channel selection device 
(e.g., recoil separator; fragment detector).

• Timing between reaction and detection of gamma ray(s) 
and also the time differences between individual gamma 
rays in a  decay sequences can also be helpful in channel 
selection and decay scheme building.

• Use EM selection rules, transition rates and DCO/W() 
etc. to assign spin and parities to excited states.



Example: 96Ru(40Ca,xpyn)136Gd-xp-yn

40Ca
Z=20  
N=20

96Ru
Z=44 
N=52

136Gd (Z=64 N=72).

Hot, compound 
system recoils
backwards at 0o

in the lab frame.

VR
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Z=20  
N=20

96Ru
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136Gd (Z=64 N=72).
Hot, compound nucleus
recoils backwards at 
0o in the lab frame with 
velocity, VR.

mBVB mTVT=0

KE of beam = ½ mBVB
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Hot, compound nucleus
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0o in the lab frame with 
velocity, VR.

mBVB mTVT=0
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= mBVB. Therefore, 
VR=(mB)VB/(mB+mT)

KE of beam = ½ mBVB
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Example: 96Ru(40Ca,xpyn)136Gd-xp-yn

40Ca
Z=20  
N=20

96Ru
Z=44 
N=52

136Gd (Z=64 N=72).
Hot, compound nucleus
recoils backwards at 
0o in the lab frame with 
velocity, vR.
KE of recoiling nucleus
= ½ (MB+MT)V2

R

mBVB mTVT=0

mRVR =(mB+mT)VR

= mBVB. Therefore, 
VR=(mB)VB/(mB+mT)

KE of beam = ½ mBVB
2

Light particles p,n, 
evaporated.
Sn,Sp ~ 1-15 MeV.

VR



Example: 96Ru(40Ca,xpyn)136Gd-xp-yn

40Ca
Z=20  
N=20

96Ru
Z=44 
N=52

136Gd (Z=64 N=72).
Hot, compound nucleus
recoils backwards at 
0o in the lab frame with 
velocity, vR.
KE of recoiling nucleis
= ½ (MB+MT)V2

R

mBVB mTVT=0

mRVR =(mB+mT)VR

= mBVB. Therefore, 
VR=(mB)VB/(mB+mT)

KE of beam = ½ mBvB
2

136Gd+3p = 133Pm
136Gd+2pn=133Sm
136Gd+3pn=134Pm
136Gd+2p2n=132Sm



Production of High-Spin States



Example: 96Ru(40Ca,xpyn)136Gd-xp-yn

40Ca
Z=20  
N=20

96Ru
Z=44 
N=52

136Gd (Z=64 N=72).
Hot, compound nucleus
recoils backwards at 
0o in the lab frame with 
velocity, VR.
KE of recoiling nucleis
= ½ (MB+MT)V2

R

mBVB mTVT=0

mRVR =(mB+mT)VR

= mBVB. Therefore, 
VR=(mB)VB/(mB+mT)

KE of beam = ½ mBvB
2

Light particle 
emission causes 
small recoil cone 
in lab frame due to 
cons. of linear 
momentum.

VR

VB



Doppler Shifts
Moving source – nucleus which emits gamma-ray ; 
Stationary observer - Ge detector.

The range in Doppler shifted energy across 
the finite opening angle of a detector ()
Causes a reduction in measured energy 
resolution due to Doppler Broadening.

This is made worse if there is also a spread 
in the recoil velocities (v) for the recoils.



40Ca + 96Ru → 136Gd*

40Ca

96Ru



40Ca + 96Ru → 136Gd*

40Ca

96Ru



40Ca + 96Ru → 136Gd*

40Ca

96Ru



40Ca + 96Ru → 136Gd*
Heavy-ion fusion-evaporation
reactions usually make neutron
deficient compound nuclei.



40Ca + 96Ru → 136Gd*
Heavy-ion fusion-evaporation
reactions usually make neutron
deficient compound nuclei.

136Gd*



Channel Selection in Fusion-Evaporation Reactions
• Calorimetry (HI,xn).

– (Sum Energy, Fold) proxy to select out different evaporation 

channels, e.g. 3, vs 4n vs 5n.

• Evaporated Light- Particle Detection.

– Measure coincident neutrons (neutron walls, NE213 

scintillators) and/or light charged particles p and a (e.g. with 

the microball) to reconstruct evaporation channels

• Recoil Residue Detection.

– Measure recoiling final nucleus (A/q) using EM 

spectrometer. e.g. Argonne FMA, EMMA, 

– Can also use focal place Ionization Chamber to select Z.

– Recoil-decay tagging (discrete p, tags) for weak channels.



Determining spins from 
gamma-ray multipolarities



DCO and DCO Ratios





First real ‘evidence’ of angular 
correlations between successive
gamma rays; 

Radioactive decays of 

60Co  (I=5+ , T1/2=5.27 yrs to 60Ni)
46Sc (I=4+, T1/2=84 days to  46Ti)
88Y   (I=4-, T1/2=107 days to 88Sr) 
134Cs (I=4+, T1/2=2.1 yrs to 134Ba).

(note, says 86Y in paper, means 88Y)





Neutron-Rich Nuclei?



How do you make and study neutron-rich nuclei ?
• (low-cross-section) fusion evap. reactions, e.g., 18O + 48Ca →2p + 64Fe

– Limited compound systems using stable / beam target combinations.
– Highly selective reactions (if good channel selection applied).

• Spontaneous fission sources (e.g., 244Cm)
– Good for some regions of the nuclear chart, but little/no selectivity 

in the ‘reaction’ mechanism.
– Can make quite high spins in each fragment (10→20ħ)

• Fusion fission reactions 
– e.g., 18O + 208Pb → 226Th*→f1+f2+xn (e.g., 112

44Ru + 112
46Pd+2n)

– Doesn’t make very neutron-rich, little selectivity. 
– Medium spins (~10 ħ in each fragment) populated

• Heavy-ion deep-inelastic / multi-nucleon transfer reactions (e.g., 
– e.g. 136Xe + 198Pt →136Ba + 194Os + 2n.
– Populations Q-value dependent; medium spins accessed in products, 

make nuclei ‘close’ to the original (stable) beam and target species.
– Selectivity can be a problem, large Doppler effects.

• Projectile fragmentation (or Projectile Fission)
– (v. different energy regime)
– Need a fragment separator.



Use spectrometer to ‘tag’ on 
one of the reaction fragments 
for Doppler Correction.
e.g., 82Se (Z=34) beam on thin
170Er (Z=68) target at INFN-Legnaro.

Measure BLFs directly in PRISMA
spectrometer and gammas in
CLARA gamma-ray array. Reverse
correct for heavier TLF using 2-body
kinematics.

Gate on 84Kr (Z=36) fragment in PRISMA. 
Complementary fragment  (assuming no neutron 
evaporation) for 82Se+170Er reaction for 84Kr
is 168Dy (Z=66) (+2p transfer channel). 
Shortest time of flight in PRISMA 
associated with least neutron evaporation.



Nuclear Structure at Relativistic Energies

• Eb > EFermi (i.e. beam moved faster than internal  
nucleon motion in nucleus |~ 10-50 MeV/u.

• Projectile fragmentation - a useful tool to exotic 
nuclei. Eb ~ 100 MeV/u – 1 GeV/u.

• Need ‘fragment separator’ to separate and 
identify produced fragments. Typical ToF ~ 1ms.

• Prompt decays happen at production target…but 
can do ‘delayed’ spectroscopy (e.g. isomer 
delayed ; radioactive decay delayed) at the focal 
plane.



(Another Way) to Make Exotic Nuclei:
Projectile Fragmentation Reaction Process

Abrasion

Beam at Relativistic 
Energy ~0.5-1 GeV/A

Target Nucleus
FIREBALL

Ablation

Formation of an exotic 
compound nucleus

Reaction products travelling 
at Relativistic Energies



Ion-by-ion identification with the FRS

TOF

E

Cocktail of secondary, exotic fragments with ~ x00 MeV/u thru. FRS.

Separate and identify event-by-event. Chemically independent.





The RISING array at GSI-Darmstadt, Germany,

105 Germanium detectors



188Ta →188W

190Ta

 →190W

192Ta →192W



RIBF @ RIKEN  = Radioactive Ion Beam Production Factory.

Radioactive Ion Beam Production Factory (RIBF) @ RIKEN, Wako Shi.

Beams of fission fragments, produced via high-energy (345 MeV/u) 
projectile fission of 238U (time through BIG RIPS ~1 microsecond)

Nuclear decay measurements at the end of BigRIPS separator.



Experimental setup for decay spectroscopy @ RIKEN

LaBr3(Ce)

RI

β

DSSD

Plastic

γ

◼  84 HPGe detectors from the EURICA collaboration
◼ 18 UK LaBr3(Ce) scintillators (Φ1.5”×2”) for γ rays
◼ BC-418 plastic counters (2-mm thick) + DSSDs for β rays



The EURICA Active Stopper 
Focal plane implantation detector sensitive to beta-particles
which can be correlated with defined radionuclide implants.
 

The time between particle implantation and -particle is a 
measure of the decay half-life. 

e-

Si Strips



159Pr102 total decay curve

159Pr100

160Nd99

160Pm98



Lecture 3 

Measuring Half-lives of excited nuclear states 
i.e. determining electromagnetic transition rates,



Outline
• Electromagnetic transition rates.

• Isomers and metastable / long-lived excited states.

• Weisskopf Single-Particle Estimates

• Shell Structure in near spherical nuclei.
• Odd-A singly magic nuclei (e.g., 205Au126 ; 

131In82) 
•  Why are E1s ‘naturally’ hindered ?

• Seniority isomers, j2 & jn configurations ?

• Near Magic nuclei.
• Limited valence space and core breaking.

• Deformed Nuclei.
• the Nilsson Model, K-isomers.

• Measurements of excited state nuclear lifetimes
• Electronic coincidences (Fast-timing with LaBr3(Ce) 
• Doppler Shift methods (RDM, DSAM)
• Transition quadrupole moments (Qo)



EM Transition  Rates
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Classically, the average power radiated by an EM multipole field is given by 

m(L) is the time-varying electric or magnetic multipole moment.

 is the (circular) frequency of the EM field
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For a quantized (nuclear) system, the decay probability is determined by the 
MATRIX ELEMENT of the EM MULTIPOLE OPERATOR, where

i..e, integrated over the nuclear volume.

(see Introductory Nuclear Physics, K.S. Krane (1988)  p330).

We can then get the general expression for the probability per unit time for
gamma-ray emission, (L) , from: 
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How is measuring 
the lifetime 
useful?

Transition probability 
(i.e., 1/mean lifetime as 
measured for state which 
decays by EM radiation)

(trivial) gamma-ray
energy dependence of
transition rate, goes as.  
E

2L+1 e.g., E
5 for E2s

for example.

Nuclear structure information. 
The ‘reduced matrix element’ , 
B(L) tells us the overlap
between the initial and final 
nuclear single-particle 
wavefunctions.



Measurements of EM Transition Rates





Extracting (nuclear excited state) lifetimes.

• Assuming no background contribution, the 
experimentally measured, ‘delayed’ time distribution for 
a −−t measurement is given by:

• P(t’-t0) is the (Gaussian) prompt response function and 
=, where  is the mean lifetime of the intermediate 
state.

See e.g.,  Z. Bay, Phys. Rev. 77 (1950) p419;
T.D. Newton, Phys. Rev. 78 (1950) p490;
J.M.Regis et al., EPJ Web of Conf. 93 (2015) 01014





Fast-timing Techniques

Gaussian-exponential convolution to account for timing resolution







EM decay selection rules reminder.

From M.Goldhaber & J.Weneser, Ann. Rev. Nucl. Sci. 5 (1955) p1-24
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Independent particle model (from 1950s)

Protons & neutron (fermions) fill orbits by PEP.
 
Each j=l+s level has 2j+1 projections of mj

e.g., g9/2 orbit can have 

[(2 x 9/2)+1 ] = 10 protons
with mj from -9/2, -7/2,…..,,+7/2, +9/2.

Clustering of levels causes energy ‘gaps’ 
leading to MAGIC NUMBERS.

Can ‘approximate’ the average / mean field 
experienced by each nucleon by e.g.,
as:

H = HO + al.l + bl.s

Changes in the Hamiltonian alters the 

level ordering.  



Nuclear EM transition rates between excited states are  
fundamental in nuclear structure research.

The extracted reduced matrix elements, B(L) give insights e.g., 

• Single particle / shell model-like: ~ 1 Wu (NOT for E1s)

• Deformed / collective: faster lifetimes, ~10s to 1000s of Wu (in 
e.g., superdeformed bands)

• Show underlying symmetries and related selection rules such as K-
isomerism: MUCH slower decay rates ~ 10-3→9 Wu and slower).



Transition rates get slower (i.e., longer lifetimes  
associated with) higher order multipole decays



Weisskopf Single Particle Estimates:

• These are ‘yardstick’ estimates for the speed of EM 
    transitions for a given electromagnetic multipole order. 
• They depend on the size of the nucleus (i.e., A) and the 
    energy of the transition / gamma-ray energy (E

2L+1)
• They estimate the transition rate for spherically 
    symmetric proton orbitals for nuclei of radius r=r0A

1/3.

The half-life (in 10-9s), equivalent to 1 Wu is given by (DWK):



Weisskopf, V.F., 1951. 

Radiative transition 
probabilities in nuclei.
 
Physical Review, 83(5), 
p.1073.



What are isomers ?

Why/when do nuclear isomers occur ?
(i) large change in spin (‘spin-trap’)
(ii) small transition energy between states (seniority isomers)  
(iii) dramatic change in structure/shape (fission isomers) 
and/or underlying symmetry  (K-isomers)

What information do isomers gives you ?  
Isomers occur due to differences in single-particle structure. 
EM transitions are hindered between states with very 
different underlying structures. 

Metastable (long-lived) nuclear excited state.
‘Long-lived’ could mean: 
~10-19 seconds, shape isomers in -cluster resonances or
~1015 years 180Ta 9-→1+ decay.



P.M.Walker and G.D.Dracoulis. Nature, 399 (1999) p35



EM Selection Rules and their Effects on Decays

• Allowed decays have:

M9 M7, M5, M3, and ; E10 and E8 E6, E4, E2,

  torestricted now decays Allowed :nrestrictiofurther  a adds This

 parity.  thechangenot can n  transitio thehere thus,

  states, final and intialbetween parity  conserve  toalso Need

. 10 and 7,8,92,3,4,5,6,

 of momentumangular  carrying

 photons with proceed  toallowed are

4  to6 from decays e.g.,

=

==

−−

++





 II

IIII fifi

e.g., 102Sn52

Why do we only 

observe the E2 

decays ? 

Are the other  

multipolarity

decays allowed /

present ?

 



E E2 

(1Wu)

M3

(1Wu)

E4

(1Wu)

48 

(6+→4+)

112s 782,822 s 2.5E+14s

555 

(6+→2+)

66,912s

497

(4+→2+)

0.9ns 61ms 180,692s

1969

(4+→0+)

751ms

102Sn

Conclusion, in general see a cascade of (stretched) 

E2 decays in near-magic even-even nuclei.



Weisskopf single-particle estimates
sp for 1 Wu at  A~100 and E = 200 keV

M1

2.2 ps

M2

4.1 ms

M3

36 s

E1

5.8 fs

E2

92 ns

E3

0.2 s

The lowest order multipole decays are  highly favoured.

BUT need to conserve angular momentum so need at minimum   = Ii-If  is 
needed for the transition to take place. 

Note, for low E and high - , internal conversion also competes/dominates.



'Near-Yrast' decays
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The EM transition rate depends on E
2+1 ; the highest energy transitions 

for the lowest   are (usually) favoured. 
This results in the preferential population of yrast and near-yrast states. 
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The EM transition rate depends on E2+1,, the highest energy transitions 

for the lowest   are (generally) favoured. 

This results in the preferential population of yrast and near-yrast states. 
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The EM transition rate depends on E2+1,, the highest energy transitions 

for the lowest   are (generally) favoured. 

This results in the preferential population of yrast and near-yrast states. 

= gamma-ray between 

     yrast states



'Near-Yrast' decays
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The EM transition rate depends on E2+1, (for E2 decays E
5) 

Thus, the highest energy transitions for the lowest   are usually favoured. 

Non-yrast states decay to yrast ones (unless very different  , K-isomers) 

=   ray from non-yrast state.

=   ray between yrast states
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The EM transition rate depends on E2+1, (for E2 decays E
5) 

Thus, the highest energy transitions for the lowest   are usually favoured. 

Non-yrast states decay to yrast ones (unless very different  , K-isomers etc.) 

=   ray from non-yrast state.

=   ray between yrast states
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The EM transition rate depends on E2+1, (for E2 decays E
5) 

Thus, the highest energy transitions for the lowest   are usually favoured. 

Non-yrast states decay to yrast ones (unless very different  , K-isomers) 

=   ray from non-yrast state.

=   ray between yrast states
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Yrast Traps

The yrast 8+ state lies lower in 
excitation energy than 
any 6+ state…
i.e., would need a ‘negative’ 
gamma-ray energy to decay 
to any 6+ state 



'Near-Yrast' decays
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The yrast 8+ state can not decay to ANY 6+.

The lowest order multipole allowed is 
=4 I=8+ →4+ i.e., an E4 decay.

Yrast Traps



‘single-particle’-like transitions.



2

8

20

28

(40)

50

V= SHO + l2.+ l.s.

82

1s1/2

1p3/2

1p1/2

2s1/2

3s1/2

1d5/2

1d3/2

2d3/2

2d5/2

1g7/2

1g9/2

1h11/2

1f7/2

1f5/2

2p3/2

2p1/2

2f7/2

1h9/2

1i13/2 Basic, independent particle model (with 

very simple residual interactions added,

such as   - (contact) interaction) predicts

large host of isomers in the vicinity of 

closed shells / magic numbers.

Two categories

1) Spin-trap isomers  - from particularly 

       favoured coupling of (often high-j intruder)

       particles gives rise to high-spin state at 

       low excitation energy. This state ‘has 

       nowhere to decay to’ unless decays

       by high multipolarity (thus slow) transition.

               |Ji+Jf|  >  J  >  |Ji-Jf|

2) Seniority isomers – -interaction can 

    demonstrate with geometric picture how 

    (single) jn multiplet looks like j2 multiplet.

    Small energy difference between Jmax  

    and (Jmax-2) states cause ‘seniority isomers’.



1609 
mixed 
M2/E3
decay.



Relative energies of orbits close to 208Pb 





Zs. Podolyak et al., Phys. Lett. B672 (2009) 116

N=126 ; Z=79. Odd, single proton transition; 
h11/2 → d3/2 state (holes in Z=82 shell).

Angular momentum selection rule says lowest multipole decay allowed is
  = ( 11/2 - 3/2 ) =  L = 4

Change of parity means lowest must transition be M4.

1Wu 907 keV M4 in 205Au has T1/2= 8 secs; corresponding to a  near ‘pure’ 
single-particle (proton) transition from (h11/2) 11/2- state to (d3/2) 3/2+ state.

(Decay here is observed following INTERNAL CONVERSION).
These competing decays to gamma emission are often observed in isomeric decays 
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1i13/2 Why are E1 transitions usually isomeric?

E1 single particle decays need to proceed 
between orbitals which have  L=1 and 
change parity, e.g., 

    f7/2 and d5/2

or g9/2 and f7/2

or h11/2 and g9/2

or p3/2 and d5/2

What about typical 2-particle configs. 
e.g., 

 I=5- from (h11/2)
-1 x (s1/2)

-1

       I=4+ from (d3/2)
-1 x (s1/2)

-1



e.g., 128Cd80, isomeric 440 keV E1 decay.

A 1 Wu 440 keV E1 should have T1/2 ~ 4x10-15s; 
actually has 270 ns (i..e hindered by ~108 )
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Why are E1 s isomeric?

E1s often are observed with decay 
probabilities of 10-5 →10-9 Wu 

E1 single particle decays need to proceed 
between orbitals which have L = 1 and 
change parity, e.g., 

     f7/2 and d5/2

or  g9/2 and f7/2

or  h11/2 and g9/2

or i13/2 and h11/2

or  p3/2 and d5/2

BUT these orbitals are along way from 
each other in terms of energy / other 
orbitals between them in the (spherical) 
mean-field single-particle spectrum.
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1i13/2 Why are E1 s isomeric?

E1 single particle decays need to proceed 
between orbitals which have  L=1 and 
change parity, e.g., 

What about typical 2-particle configs. 
e.g., 

 I=5- from mostly (h11/2)
-1 x (s1/2)

-1

       I=4+ from mostly (d3/2)
-1 x (s1/2)

-1

No E1 ‘allowed’ between such orbitals.

E1 occur due to (very) small fractions of 
the wavefunction from orbitals orginating 
in higher shells.

Small overlap wavefunction in multipole 
matrix element allows ‘slow’ E1s to proceed.
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Why are E1 s isomeric?

E1s often observed with decay probabilities 
Of 10-5 →10-8 Wu 

E1 single particle decays need to proceed 
between orbitals which have  L=1 and 
change parity, e.g., 

f7/2 and d5/2

or g9/2 and f7/2

or h11/2 and g9/2

or p3/2 and d5/2

BUT these orbitals are along way from each 
other in terms of energy in the mean-field
single particle spectrum.



Competing E4 and E2 transitions with core breaking?

We can have cases where low-energy (~100 keV) E2 decays competing with 
high-energy (~4 MeV) E4 transitions across magic shell closures, e.g. 54Fe28. 

Z=26; N=28 case. 
• 2 proton holes in f7/2 shell.
• Maximum spin in simple valence space is I=6+. 
• i.e., (f7/2)

-2 configuration coupled to I= 6+

Additional spin requires exciting (pairs) of nucleons 
across the N or Z=28 shell closures into the f5/2 shell. 

E E2 
(1Wu)

M3

(1Wu)

E4

(1Wu)

146 keV

(10+→8+)

1.01 ms 613 s 21 E+6s

3578 keV 
(10+→6+)

6.5 ms



f7/2

28

20

p3/2

p1/2

f5/2

d3/2

s1/2

d5/2

8
p1/2
p3/2

s1/2

2

40

50
g9/2

f7/2

28

20

p3/2

p1/2

f5/2

d3/2

s1/2

d5/2

8
p1/2
p3/2

s1/2

2

40

50
g9/2

break core I=10+ from (f7/2)
-2

6+ x (f7/2 x p1/2,p3/2)4+





L=5 proton radioactivity transition

for 54Ni(10+) → 53Co(9/2-)

(Small) effect of at h11/2 orbits in wf ?



Other examples of ‘core’ breaking isomeric decay:   
Signature is a ~ 4 MeV decay from isomeric state. 
see e.g. around 132Sn82 doubly-magic closed core. 

17/2+ →9/2+ (E4) in 131In; T1/2=630 ns, B(E4)=1.48(14) Wu.



Lecture 4: More complex nuclei:
Highly deformed shapes and collective structures..



More complex nuclei.

Simple signatures of nuclear structure such as 
E(2+) and R(4/2) can help show us which regions of 
the nuclear chart are best explained by: 

• Spherical ‘single-particle’ excitations

or

 

• Quadrupole deformed regions (Nilsson model)







K-isomers in deformed nuclei

where k is the single-particle energy; F is the Fermi
energy and  is the pair gap (which can be obtained from
odd-even mass differences)

These, high-K multi-quasi-particle states are expected to 
occur at excitations energies of: 

In the strong-coupling limit, for orbitals where  is large,
unpaired particles can sum their angular momentum 
projections on the nuclear axis if symmetry to give rise to 
‘high-K’ states, such that the
total spin/parity of the high-K
Multi-particle state is give by:  



K isomers

(Ji,Ki)

(Jf,Kf)

Kf

Ki

K=|Kf-Ki|

= reduced hindrance for a K-isomeric 
decay transition.



Effect of Nuclear Deformation on K-isomers
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Nilsson scheme: Quadrupole deformed 

3-D HO. where   h -> hx+hy+hz

         axial symmetry means x=y
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2qp states, Ex~2

4qp states, Ex~4

6qp states, 
Ex~6

8qp states, Ex~8

C.S.Purry et al., Nucl. Phys. A632 (1998) p229

178W: different and discrete 0, 2, 4, 6 and 8 quasi-particle band 
structures are all observed:  
These are built on different underlying single-particle (Nilsson) orbital  
configurations.



‘Forbiddenness’ in K isomers
We can use single particle 
(‘Weisskopf’) estimates 
for transitions rates for
a given multipolarity.
(Eg (keV) , T1/2 (s), 
Firestone and Shirley, 
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f ~ 100 typical value for ‘good’
 K isomer (see Lobner Phys. Lett. 
B26 (1968) p279)



Smith, Walker et al.,  Phys. 
Rev. C68 (2003) 031302



Smith, Walker et al.,  Phys. Rev.

                C68 (2003) 031302





FATIMA in DESPEC 
at FAIR Phase -0



DESPEC Setup Overview

A.K. Mistry et al., The DESPEC 

setup for GSI and FAIR, 

NIM A, 166662 (2022)

DESPEC 

Ge Array 

Spectrometer 

(DEGAS)

• Exotic beams delivered by the FRagment Separator

• Ions stopped inside DESPEC setup

• Flexible, modular detector suite tailored to physics goals

The MOdular 
Neutron 

SpectromeTER 
(MONSTER)

BEta-deLayEd Neutron 

detector (BELEN) 

48 3He cylindrical counters
Decay Total Absorption 

γ-ray Spectrometer (DTAS)

NaI(Tl) modules

FAst TIMing Array

LaBr3(Ce) modules

(FATIMA)

A.K.Mistry, H Albers et al. NIM A1033 (2022) 166662



GTC analysis highlighting 94,96Pd isomers and lifetime analysis





106 keV 8+→ 6+

325 keV 6+→ 4+ 

684 keV 4+→ 2+ 

96Pd I=8+isomer decay, gated on 1415 keV 2+ → 0+ transition. 
LaBr3 (T,E) matrix

Figure S.Jazrawi, PhD thesis, U. Surrey 2022., 



−−T for transitions across individual states 96Pd50

96Pd50 I=8+ isomer, 
H. Mach et al., PRC95, 
014313 (2017), with BaF2 
T1/2 (6+) = 6.3(6) ns
T1/2 (4+) = 1.0(1) ns
T1/2(2+) < 17 ps



How to measure half-lives in the 10 ns – 10 fs range

1) Electronic co-incidence timing (~20 ps – 20 ns)

2) Recoil Dopller Distance method (~ 5 – ~ 500 ps)
 
3) Doppler Shift Attenuation Method ( ~ 5 ps to ~ 50 fs)





Fast-timing Techniques

Centroid shift method 
for an analysis of short 
half-lives

(Maximum likelihood 
method)

Difference between the centroid of observed time 
spectrum and the prompt response give lifetime, 

t=0





Fast-timing Techniques

2

Mirror-symmetric 
centroid shift method.

Using reversed gate 
order (e.g. start TAC on 
depopulating gamma, stop 
on feeding gamma) 
produces opposite shift

Removes the need to know where the prompt distribution is 
and other problems to do with the prompt response of the 
detectors



 LaBr3(Ce) has an energy-dependent timing-resolution FWHM 

of ~150 ps with 60Co for a Ø1”x1” crystal; 

 an order of magnitude at least better than HpGe.

 Energy resolution ~ 3% FWHM at 662 keV.

 Peak emission wavelength ~380 nm, compatible with PMTs

Gamma-ray Scintillation Detectors

e.g., P.H.Regan et al., Applied Radiation and Isotopes 70 (2012) p1125 ;

        L. Fraile et al., Nucl. Inst. Meth. Phys. Res. B463 (2020) p394

E1/2 dependence FWHM 
from 100 keV to 3 MeV 



Mixed HPGe-LaBr3 ‘hybrid’ arrays –
ROSPHERE 



An example, ‘fast-timing’ and id of M2 decay in 34P.

• Study of 34P identified low-lying 
I=4- state at E=2305 keV.

• I=4-→ 2+ transition can proceed 
by M2 and/or E3.

• Aim of experiment was to 
measure precision lifetime for 
2305 keV state and obtain B(M2) 
and B(E3) values.

• Previous studies limit half-life to 
 0.3 ns < t1/2 < 2.5ns

P.J.R.Mason et al., Phys. Rev. C85 (2012) 064303.



Physics….which orbitals are involved? 
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I = 2+ [2s1/2 x (1d3/2)

-1] I = 4- [2s1/2 x 1f7/2]

• Theoretical (shell model) predictions suggest 2+ state based 
primarily on [2s1/2 x (1d3/2)

-1] configuration and 4- state based 
primarily on [2s1/2 x 1f7/2] configuration.

• Thus expect transition to go mainly via f7/2 → d3/2, M2 
transition.

• Different admixtures in 2+ and 4- states may also allow some E3 
components (e.g., from, f7/2 →s1/2) in the decay.



Experiment to Measure Yrast 4- Lifetime in 34P

18O(18O,pn)34P fusion-evaporation at 36 
MeV  ~ 5 – 10 mb
50mg/cm2 Ta2

18O enriched foil; 18O Beam 
from Bucharest Tandem (~20pnA)

Array 8 HPGe  
(unsuppressed) and 7 
LaBr3:Ce detectors

-3 (2”x2”) cylindrical
-2 (1”x1.5”) conical
-2 (1.5”x1.5”) cylindrical 



Ge-Gated Time differences

Gates in LaBr3 detectors to observe time 

difference and obtain lifetime for state

Ideally, we want to measure the time 

difference between transitions directly 

feeding and depopulating the state of 

interest (4-)



Gamma-ray energy  coincidences ‘locate’ transitions 
above and below the state of interest….

429-keV gate

429-keV gate

1048-keV gate

1048-keV gate

34P



LaBr3 – LaBr3 Energy-gated time 
differences.

429-keV gate
1048-keV gate

The 1876-429-keV time difference 
in 34P  should show prompt 
distribution as half-life of 2+ is much
shorter than prompt timing response.

Measured FWHM = 470(10) ps 



Successful nanosecond lifetime measurement in 34P (June 2010)



Result: T1/2 (I
=4-) in 34P= 2.0(1) ns

429 / 1048

429 / 1876

(~prompt)



T1/2 = 2.0(1)ns = 0.064(3) Wu for 1876 M2 in 34P.

429 / 1048

429 / 1876

(~prompt)



Deconvolution and lineshapes
• If the instrument time response function R(t) is Gaussian of width ,    

• If the intermediate state decays with a mean lifetime , then

• The deconvolution integral for a single state lifetime is given by 
(ignoring the normalisation coefficients).

               

 

1-erf(x) is the 
complementary 
error function of the 
variable, x.



Fast TIMing Array = FATIMA

M.Rudigier et al., NIM A969 (2020)  162967
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FATIMA LaBr3 Detectors, used around the world



B(E2: 0+
1 → 2+

1)   2+
1 E2 0+

1
2

2+

0+

The nuclear rotational model: B(E2: I→I-2) gives Qo by:

Qo = (TRANSITION) ELECTRIC 

         QUADRUPOLE MOMENT. 

This is intimately linked to  the 

electrical charge (i.e. proton) 

distribution within  the nucleus. 

Non-zero Qo means some  

deviation from spherical  

symmetry and thus some 

quadrupole (2) ‘deformation’.

T (E2) = transition probability = 1/ (secs); 

E = transition energy in MeV



NuBall at IPN-Orsay: ‘Hybrid’ HPGe –LaBr3 combined array.

• 20 LaBr3 detectors with from FATIMA -time resolution ~250 ps
• 24 HPGe clover detectors with BGO shielding for Compton Suppression
• 10 coaxial HPGe detectors with BGO shielding
• FASTER Digital DAQ; 500 MHz sampling for the LaBr3 detectors; 125 

MHz sampling for the HPGe and BGO detectors
• Internal pulse shape analysis



A Fundamental Nuclear Structure Physics Question?

‘Simple’ nuclear observables show a relation between the 
B(E2) (proxy for ~ 2) & the valence Np.Nn product.
[see Casten & Zamfir, Phys. Rev. Lett. 70, 402 (1993)].

Are the most ‘collective’ nuclei at the valence maximum? 
170Dy =Valence Maximum Nucleus
50→ 66 →82 protons &
82 → 104 → 126 neutrons



B(E2:2+→ 0+) in 166Dy

• Pulsed 18O beam: 2 ns pulses, 400 ns 
period, ~35 enA, charge state Q=6+

• 164Dy target: 95% purity, 6.3 mg/cm2

• Desired reaction: 164Dy(18O,16O)166Dy

• 1 week beam time, 3 beam energies:
• 71 MeV (2 days); 
• 76 MeV (2 days); &
• 80 MeV (3 days)

• Spectra dominated by 164Dy from 
Coulomb excitation of the target 
& 164Dy(18O,4n)178W fusion evap.

• 166Dy not clearly visible in total 
projection spectrum; 

•  Channel selection needed



Allows a confirmation of published level scheme for 166Dy. 



‘Proof of Principle’ Results using 164Dy

1] B[. Singh and B. Chen Nucl. Data Sheets 147, 1 (2018)





166Dy100 2
+ lifetime from NuBALL, largest Np.Nn B(E2)



What about ‘faster’ transitions..
i.e. < ~10 ps ?



Annual Review of Nuclear Science (1968) 18 p265-290







gate







If the lifetime to be measured is so short that all of the states decay in flight,
the RDM reaches a limit.

To measure even shorter half-lives (<1ps).  
In this case, make the ‘gap’ distance zero !! i.e., have nucleus slow to do stop in a
backing. 

We can use the quantity
 F() = (vs/ vmax).

Es(v,)= E0(1+v/c cos ()) (for v/c<0.05) 

Measuring the centroid energy
of the Doppler shifted line gives
the average value for the quantity
Es (and this v) when transition was 
emitted.

The ratio of vs divided by the maximum
possible recoil velocity (at t=0) is the 
quantity, F() = fractional Doppler shift.





Note that the half-life of an excited state can be obtained 
directly from the gamma-ray lineshape ( dN / dE ) since 
this gives directly the velocity distribution of the recoils 
as they emit the gamma-ray.

A knowledge of the slowing down process or ‘stopping power’ 
of the recoil, (dv/dt), allows the lineshape to be calculated 
for a given value of the mean lifetime, τ . 
Since the Doppler shifted energy, Es and recoil velocity at 
emission, v,  have a linear relationship, one can translate 
from  the measured (dN/dE) to the calculated (dN/dv), via 
knowledge of the stopping power), since
                    (dN / dt) = (dN/dv) . (dv/dt) 





In the rotational model, the mean lifetime of a state <IiKi|, given by  in ps is  
related to the intrinsic quadrupole moment Qo in eb and the energy, E, of the 
E2  transition between the states, <IiK| and <IfK| in MeV, by



If we can assume a constant quadrupole moment for a rotational band (Qo),
and we know  the transition energies for the band, correcting for the 
feeding using the Bateman equations, we can construct ‘theoretical’ F() 
curves for bands of fixed Qo values
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