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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.




TIMETABLE - 12-15 October 2026

Time MONDAY TUESDAY WEDNESDAY THURSDAY
12 Oct 2026 13 Oct 2026 14 Oct 2026 15 Oct 2026

09:30
Welcome and infroduction
09:45 Welcome and introduction Welcome and introduction Welcome and introduction
10:00
Muclear structure and gamma EM transition rates and nuclear lifetimes
spectroscopy | (Regan Il {Regan

10:30  Laser technology |: Basics of ultrashort  Laser technology 11: Complex pulse po Py | (Regan) (Regan)

pulses and propagation (Jolly) shaping and metrology (Jolly)
11:00 Advances in theoretical studies of MNuclear transitions assisted by high-

’ electron capture (Sevestrean) power lasers (Yang)
11:30 Coffee break Coffee break Coffee break Coffee break
12:00 g Y . . P : ) - :
Laser plasma appllcatlnns I Laser plasma applications I Nuclear structure and gamma Laser pl_alsma applmatmrr_f. Iz N_ucleal
Radicisotope production for medical Experiments on neutron generation ctroscopy Il (Regan) activation beyond the Giant Dipole
12:30 applications (Alejo) (Alejo) Al Py egal Resonance (Alejo)
13:00
Lunch Lunch Lunch Lunch
13:30
14:00
The Particle-in-Cell (PIC) method for The Particle-in-Cell (PIC) method for . . - Scientific career advice discussion with
— laser-plasma interactions | (Perez) laser-plasma imeractions Il (Perez) Discussion sassions with snidants Prof. Regan
14:
Electron acceleration and photon Plasma-based inverse Compton gamma

15:00 production in near-critical density and spurces at multi-PW laser intensities

double-layer targets {Dreghici) {Homy) EM transition rates and nuclear lifetimes Laser-plasma experiments relevant to

| (Regan) kinetic modeling (Perez)
15:30
Coffee and poster session Coffee break and free time

16:30 Coffee and facility visit

17:00



'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

The binding energy is the

_ 1 + _ energy needed to take a nucleus
M(Z’A) Zm ( 1H ) N'm” BE”UC'ear of Z protons and N neutrons

apart into A separate nucleons

2N
Mass of Z protons

+ Z electrons + N = bindin ner
neutrons (N=A-2) b d g ene gy

(nuclear + atomic)

energy

N

Mass of neutral atom
~ MeV / \ ~ eV
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Ground (or meta-stable) State Decay:
Radioactivity

* Beta or alpha decay (i.e. Qg 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
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Understanding level schemes underpins metrology: o+
e.g. The number of primordial “°K decays equals the 3
number of 1461 keV y rays emitted, divided by the
‘branching ratio’ (0.1067).

Excitation Energy (MeV)

Nuclear structure matters!
Q. Why no decay to an excited state in 4°Ca?

A. I"=2* in Doubly Magic 4°Ca @3904 keV

K. T, ,,=1.248x10° yrs

2+ 1460.9 42 @y oo 4~ 1504.7
.............. (43.8) — =
10.66% g 89.14%. 8~

—
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BE/A (keV)
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,.7 (II). Tables, graphs and

references. Chinese Physics C, RN

e 45(3), p.030003._

Macroscopic (SEMF) model alone does not quite fit data.....
Need to also account for microscopic nuclear effects.
1=0od First evidence for nuclear shell structure.
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E (MeV)
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Measuring Excited Excited States -

Nuclear Spectroscopy & Nuclear (Shell) Structure
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* 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.




Some nuclear observables.

1) Masses and energy differences
2) Energy levels

3) Level spins and parities i E(MeV)
4) EM transition rates between states
5) Magnetic properties (g-factors) :
6) Electric quadrupole moments?

i ! i
< 16—1— ! .
This is the essence of nuclear 1 Rotation
structure physics. R S
How do these change as functions 21
of N, Z, I, Ex?
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The EM transition rate depends on E 1 ; the highest energy transitions
for the lowest A are (usually) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays
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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 y 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, vy, e-,...) scattering, Coulomb Excitation, fusion

evaporation, projectile fragmentation and/or fission....



2 How to make exotic nuclei

= fusion evaporation b projectile fragmentation

\{1 W '\ \
* ° & neutron I - -o ------ g ----- ; --
‘(p');oton \ \

beam target compound residual beam target fragments

nucleus nucleus
®Si SoCa  SBse 2Ga ;Mo 2NN e.g. 18y
C target spallation a projectile fission

J

Y, J
e 00 BT

proton target spallation residual beam target fission neutron-rich
beam fragments
93 71 238 208 EINT

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



Thoennessen & Sherrill, Isotope-discovery technique

Nature, 473 (2011), p26 Bl Light particle reactions Neutron reactions
Fusion Fragmentation/spallation

Stable and naturally
existing radioactive
Isotopes

Number of protons

Predicted, but as yet
unconfirmed, isotopes

0 20 40 60 80 100 120 140 1e0 1&0
Number of neutrons



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 h per
fragment; near yrast(ish) states; wide spread of
neutron-rich nuclei centred around A~95 & ~135.

— Radioactive decay (a, B) usually lower-spin
states due to selection rules; Al=0,1 ‘allowed’.

— Populated excited states below particle
separation energies decay via EM selection
rules and transition rates dependency.




EM decay selection rules reminder.

Suppose we are concerned with a transition between the states 7 and f of
characters (spin, parity) (Js, m:) and (J, wy) respectively; defining a quan-
tity p, which is 0 for even parity and 41 for odd parity, we see that the

multipoles that can contribute are delimited by 3T
(a)
Ji+Jr2L2 |J-'_Jf|: ("mixed™)
and by the further conditions: . MI. E2
(‘pure’)
?i + 2r + L = odd for magnetic multipoles E2 M3, E4, M5, EG,
. . M7, E8, M9
?: + pr + L = even for electric multipoles. '
TABLE I MS, E4, M5, 4
E6, M7, ES8
OBSERVED MULTIPOLE TRANSITIONS
= ' ("mixed")
Multipole L 1 2 3 4 5 M1, E2,
Yes El o, M2 E3 M4 ES5 N M3, E4, M5, E6, M7
Parity change 3
No M1l <> E2 M3 E4
Since the quantity that enters in the vector potent{al of the L-multipole is: 4+
. (Br)E (b)
(k) = QL4+ I 9. . El, (M2)

we see that the lowest possible multipole transition is greatly favored for ) E3, M4, ES5, M6, E7
kr<1. The range of energies for which (k7)1 is frequently called the “long M3.....E6 J
wave-length” region. I.n fact, usually only the lowest possible multipole + ﬁl” (M2)
contributes, but sometimes also the next order will appear. It is this.fact 2 E3 M4, ES
that makes the measurement of multipole order so useful a tool in the assign- 2>

ment of characters to levels. The most important examples of mixed multi-
poles are found for M1+ E2 and E1+4 M2 transitions; these are indicated in
the above table by connecting lines.

From M.Goldhaber & J.Weneser, Ann

. Rev. Nucl. Sci. 5 (1955) p1-24




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'.
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'Simplest’ signature (of nuclear ‘'shape’ and deformation) is the
Excitation energy of the first spin/parity 2+ state, i.e. E(2*).
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Nuclear Rotations: - the opposite of shell structure

Extreme theoretical limits for perfect rotor and
vibrator in even-even nuclei are:

2 + —
EJ:h—J(J+1), £ ):4(5)_2():3.33
2/ EQ2") 203)=6
E, =hoN EE)_2Z_ 2.00
EQ27) 1



Interpretation of Isomeric Transitions
of Electric Quadrupole Type

AackE Bome anp BeEn R. MorrELsown®
Tastitute for Theovetical Phyrics, Copenhagen, Denmark
{Received November 10, 1952)

N the recent classification of nuclear isomers,! the transitions of
electric quadrupole type are unigue in possessing several
examples of lifetimes appreciably shorter than predicted on the
basis of the shell model. In some cases, the predicted lifetimes are
more than a factor of a hundred too Jong, Tt appears evident that
we have here the effect of some type of cooperative nuclear
maotion.!

In regions of high surface deformability, one obtains very low-
lying states of collective excitation, which may be considered as
rotational levels of the deformed nucleus. In the case of even-
even nuclei, these states yield a spectrum with 7=0, 2, 4, etc., even
parity, and with energy values

Ep= (k)2 ST +1), (n

neglecting the influence of rotation-vibration interaction. The
effective moment of inertia & is related to the deformation of the
nucleus and is given by

g=3Bg @)

in terms of g the deformation parameter, and B, the mass parame-
ter of the surface oscillators.® The wave functions for these states
are obtained from the strong coupling solutions Q=K =0,

These states possess the spins, parities, low energies, and very
short lifetimes of the observed levels. The transition from the first
excited state to the ground state is of electric quadrupole type,
with a probability per unit time given by

T'=(x"/300k) €04, (3

where x is the wave number of the emitted photon, and (s the
intrinsic quadrupole moment of the nucleus, measured with re-
spect te the symmetry axis. For a uniformly charged incompressi-
ble nucleus, we have

Qu=[3/(5x)¥]-ZRs*8, (4)
with Z and R, the nuclear charge and radius.

Rotational States in Even-Even Nuclei

AAGE Bour AND BEN R. MOTTELSON¥
Institute for Theoretical Physics, Copenhagen, Denmark
(Received March 24, 1953)

N a recent note,! an interpretation of the short-lived E2 iso-
mers has been suggested in terms of rotational states of the
deformed nucleus. Empirical evidence is rapidly accumulating on
the low energy spectra of even-even nuclei;*™ the purpose of the
present note is to call attention to the extensive support which
exists in these data for the above interpretation, and to suggest
its usefulness in the analysis of decay schemes.

In the model describing the nucleus in terms of the coupled
particle motion and surface oscillations, low-lying rotational states
are associated with the large deformations expected in regions with
many particles outside of closed shells. In such regions, the rota-
tional spectrum is expected to be given rather accurately by the
simple expression!

hz
E1=5~§I(I+l), 1=0,2,4,6, (1)
' even parity

II. Lifetimes.—The transition probabilities, more than a hun-
dred times larger than single particle estimates,! which are
observed for the levels in the rare earth region, furnish direct evi-
dence for the collective nature of the excitation. The interpreta-
tion of the states as rotational levels permits one to calculate
from the lifetimes the intrinsic quadrupole moments of the de-
formed surface, which are found to be just of the magnitude of

those deduced from spectroscopic data.!



More Evidence for Nuclear Shell Structure?
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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, LaBr;(Ce) &
CeBr; - 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?)

BT e

i [ —CZT  —~HPGe —Csl —LaBr - CeBr

Counts

rT',
2

IE+0 Lo e o SR
0 500 1000 1500 2000
Energy (keV)

Figure 2. Comparison of energy spectra
measured by detectors exposed to 29 kBq
mixed radionuclide filter source for 24 hr.



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, LaBr;(Ce) &
CeBr; - cheaper than HPGe but poorer energy resolution, operate at
room temp, some very fast timing properties. Requires PMT / SiPAD
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Figure 3. Comparison of detector energy Figure 2. Comparison of energy spectra
resolution from 60 keV to 1.8 MeV. Each measured by detectors exposed to 29 kBq
dataset has been fitted with a power function. mixed radionuclide filter source for 24 hr.

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



Cross section (cm 2/g)

Material HPGe | LaBrs | CeBrs | Nal(Tl) | BGO BaFs
Type S.S Scint. | Scint. | Scint. | Scint. Scint.
Light yield
i - 63 44 38 |8-10| 18 | 10
(photons per keV)
Resolution at 662 keV 0.2 2-3 5.2 7 10 10
Decay time (ns) - 16 17.4 250 300 | 0.6-0.8 | 630
Wavelength of max emission - 380 390 415 480 220 310
Density (g em™3) 5.3 5.08 5.2 3.67 7.13 4.88
HPGe XCOM LaBr; XCOM
104
—— Total attenuation without 104
' \ coherent scattering —— Total attenuation without
N N\, coherent scattering
'''''' Incoherent scattering
------ Incoherent scattering
10 otoelectric absorption
E otbeidct; choornt 107 Photoelectric absorption
------ Pair Production in the nuclear ;?-0 Zn S——— |
e "1 ° #*eEe O A0 - =R N air Production in the nuclear
. 5 T~Cx 35 field
10° = .
N = 100 \\
B n=4-5
e z T
iy O T ———_
102 h
102 |
10+
10+
0.001 0.01 0.1 1 10
Photon energy (MeV) 0.001 0.01 0.1 1 10

Photon energy (MeV)
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https://doi.org/10.1093/acrefore/9780190871994.013.93
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* Peak to Total (P/T) = X Photo Peaks/ Z of all Counts
* P/T~0.20 for 70% Co-axial Ge Detector
* P/T ~ 0.55 for Compton Suppressed Gammasphere Detector In Array

* Photopeak efficiency is ~10% for 1 MeV y ray (110 Detectors)
* 3E = 2.5 keV at TMeV



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

MAY, 1940 R. 8. I. VOLUME 11

The Application of the Method of Coincidence Counting to Experiments in
Nuclear Physics

J. V. DUuNwORTH
Denman Baynes Rescarch Student, Clare College, Cambridge, England

{Received September 27, 1939)

The paper describes the principles involved in the application of coincidence counting to
problems in nuclear physics, and gives details of the various methods of approach to the solu-
tion of nuclear level schemes, with some of the difficulties encountered. It is shown that the
maximum source strength which can be used is inversely proportional to the coincidence
resolving time and that the method of experiment has the great advantage over most other
methods in that it can be used with very weak sources (sources having an activity of about
1075 millicurie). An accurate knowledge of the ahsolute net efficiency of a Geiger counter for
all types of radiation is required in the interpretation of the coincidence rates, and the method
of achieving this at the same time as information is obtained about nuclear level schemes is
explained. Further, it is pointed out that the method makes possible a simple and rapid deter-
mination of the total energy of disintegration of B-radicactive nuclei and thercfore of the mass
differences between parent and daughter nuclei.

COINCIDENCE COUNTING AND NUCLEAR PHYSICS

times used* and demonstrating its constancy for —
all arrangements of Geiger counters used.
The errors shown are the theoretical statistical B [1L75MeV

r.m.s. errors. The experimental weighted r.m.s.
error of the resolving times in column 6 is
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cidence experiment together with an indication

of the method of experiment may be obtained CIPM President 1975-1985




Compton Suppressed HpGe Arrays:

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

EUROBALL

Gammasphere

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 eftc.)
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FIGURE 4.2: Validation of the NPTool model of a NANA LaBrs scintillator. 7.68 x 10°
decays were simulated of "?Eu
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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.
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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.



Resolving and selection of weakly populated decay channels

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!
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FATIMA LaBr; Detectors, used around the world
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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) E,~5 MeV/u
+ Spontaneous fission (e.g. 222Cf) 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., 6SI / FAIR, RIKEN-RIBF, GANIL, MSU / FRIB.

» Coulomb excitation, EM excitations via E2 (usually).
- Single particle transfer reactions (p,d)
* Radioactivity, B decay ; o decay ; proton radioactivity

» Other probes (e.e%), (v,v), (n,y). (p.y), (n,ny) 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 i E(MeV)
4) EM transition rates between states
5) Magnetic properties (g-factors) :
6) Electric quadrupole moments?

i ! i
< 16—1— ! .
This is the essence of nuclear 1 Rotation
structure physics. R S
How do these change as functions 21
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Coexistence of collective and noncollective motion

Triaxial
bands
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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).

(LN, cooled) germanium detectors
have the combination of good energy
resolution (AE~2 keV @ Ey=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 ~ Ey2+)
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Fig. 10. y-Ray energy spectra obtained by gating on the 934, 561, 1462, 352 and
988-keV yrast transitions in ®*Zr. Bottom: Summed gates in the HPGe-HPGe sym-
metric matrix; Top: Summed spectra from the LaBrs(Ce) scintillators obtained with
the same HPGe gates. The peaks are marked by their energy in keV.
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Fig. 11. Time distributions for the yrast 4% (upper panel) and 8 (bottom panel)
states in 92Zr, obtained by gating on the 462-561 keV and 988-352 keV, respec-
tively as start-stop in the E, - E,; — AT cubes. For both states, the half-life was
obtained from the fit of the experimental data with the convoluted exponential
decay function (red line), while the prompt response curve is shown in blue in the
upper panel. (For interpretation of the references to color in this figure caption, the

reader is referred to the web version of this paper.)

Table 3

Performance parameters of the ROSPHERE array in the usual “mixed” configuration,

measured with a ®’Co calibration source.

Sub-array No. of Absolute efficiency Peak/ Timing
detectors @1332 keV total FWHM

HPGe 14 1.10(3)% 42% =15ns

LaBrs(Ce) 11 1.75(5) % 22% 347(10)°ps

¢ Overall FWHM of the time spectra for the 1173-1332 keV coincident y-rays

from a ®“Co source.



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’y), (y,y’)), 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,ny) inelastic neutron scattering - gives direct population
of low spins states - limited 1o studies of stable isotopes.

If E, > E,(I") state can be populated., then EM decays back
to ground state (usually directly).

On (n,ny) inelastic neutron scattering.

PHYSICAL REVIEW C 109’ 0543 18 (2024) PHYSICAL REVIEW C 109, 054318 (2024)
Nuclear structure of *Ge from inelastic neutron scattering [ g ¥
et ‘

EE i
Nuclear structure of "Ge from inelastic neutron scattering B o s
measurements and shell-model calculations N

E.E. Peters®,"" B. A. Brown®,>* §. Mukhopadhyay ®,"*7 A. P. D. Ramirez®,"** and S. W. Yates"** g o

! Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055, USA

XThe Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA
3Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
*Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055, USA

4
e 4
3000 / :
7 552 B
2800 ¢ : i
777777777777 S .
2600 - A
N
2400 - —_—
P a———
2200 < o
NUCLEAR STRUCTURE OF ™Ge FROM INELASTIC ...
2000
wod - s
~ [ . 2239.0
= .
B 1600 4
= z o 2238.51
= 1400 5"
- 2238.0+
1200
1000 < 2237.5+
@
800 . = 2237.0-
e 2 >
600 - = 2236.5-
400 7 2236.01
2007 , 2235.5-
. - o
Experiment (INS) + ENSDF Experiment (INS) Shell Model (JUN45) 2235'0

1 1 | 1 1 1 1
1 -0.75-05-0.25 0 025 05 0.75 1

FIG. 5. Comparison of experimental positive-parity levels with shell-model calculations. The left panel shows all reported positive-parity cos 6

levels including those refuted in the current work. The middle panel shows just those confirmed in the present experiments, and the right panel
shows the calculated levels and agreement with the current results.

FIG. 3. Doppler-shift attenuation data for the 2237.1 keV y ray
from the 2833.0 keV 2" state. The lifetime was measured to be
28(1) fs.



(v.Y') e.g. from ELI-NP, populates I"=1- (and some 1*) states.

Nuclear Instruments and Methods in Physics Research A 723 (2013) 136-142

Contents lists available at SciVerse ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

journal homepage: www.elsevier.com/locate/nima

The high-efficiency y—ray spectroscopy setup y> at HIyS

B. Loher *“*, V. Derya¥ T. Aumann ™, ]. Beller", N. Cooper’, M. Duchéne", J. Endres?,
E. Fiori <, J. Isaak ®<, J. Kelley ®¢, M. Knérzer ", N. Pietralla™, C. Romig", D. Savran <,
M. Scheck", H. Scheit ", ]. Silva*<, A. Tonchev, W. Tornow ", H. Weller®, V. Werner ",
A. Zilges®

* ExtreMe Marter Institute EMMI and Research Division, GSI Jiir Sc hung, Planckstr. 1, 64291 Darmstadt, Germany

® Department of Physics, Duke University, Triangle Universities Nuclear Laboratory, Durham, NC 27708-0308, USA
< Frankfurt Institute for Advanced Studies FIAS, Ruth-Moufang-Str. 1, 60438 Frankfurt am Main, Germany

E\ I
A
Iy
hA 23
-
= B 0>
2 VWY +
5 — +
£ 2
4
0;

Intensity

Fig. 1. After resonant excitation of a J=1 state within the narrow energy profile of
an incident photon beam, this state can de-excite either directly to the ground
state, or via intermediate states. Triggering on coincidences and gating on the
secondary transition allows to isolate the primary transitions.
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'In-beam’ (heavy)-ion induced nuclear reactions on fixed targets can result ina
range of different nuclear reactions taking place.

Inelastic Scattering

Elastic (Rutherford)
Scattering

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 — E, < E.,,: EM interaction between beam

Coul*
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2. Fusion

3. Particle
Emission

4, yray
Emission

\

1. Preformation

5. Ground State

How to Make High Spin Nuclei

*x _
E R~ EBeam + Qreac‘rion—KEr‘ecoil
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Less particle evaporation corresponds to higher
spins states for a particular bombarding energy.

EXCITATION ENERGY (MeV)

' i -'2"Sn(“°Ar.xn) I64-xEr

E (Ar)= 147 MeV

Statistical
Transitions

~ Yrost- like
Coscades

Maximum angular momentum input to
compound system (l,,,x) depends on

I=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 %°Zr(°Be,4n)°'Ru reaction at E, = 44 MeV.

Decay (coincidence) gamma-rays measured using the YRASTBALL HpGe gamma-ray array.
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FIG. 1. Decay scheme for "™Ru deduced from the current work.



The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays
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The EM transition rate depends on Ey?**1,, the highest energy transitions
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The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A 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 Ey?**1,, the highest energy transitions
for the lowest A 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 Ey?**1, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers)
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The EM transition rate depends on Ey#*1, (for E2 decays E.°)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers etc.)
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The EM transition rate depends on Ey?**1, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers)
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Excitation energy

Yrast Traps
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2000
t g o .
‘A
1500 n . |
. The yrast 8* state lies lower in
1000 excitation energy than
. any 6* state...
500 i.e., would need a 'negative’
gamma-ray energy to decay
0¢ | | to any 6* state
0 2 4 6 8 10

Spin of decaying 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(0)
etc. to assign spin and parities to excited states.



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

o

40Cq ] )
7-20 ~>-44 136Gd (Z=64 N=72).
N=20 N=52 '

. Hot, compound

. system recoils

" backwards at 0°
in the lab frame.



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

40Ca %R 21366d (Z=64 N=72).
Z=20 7-44  iHot, compound nucleus :
N=20 N=52  irecoils backwards at

:0° in the lab frame wu’rhE
KE of beam = 2 vaB V@IOCITY VR :



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

. MV =(mg+m)Vy :
. = mgVp Therefore,
mgVp mTVT:O - Vp=(mg)Vy/ (mB+mT)

Q-

Ve |

40Ca %R 21366d (Z=64 N=72). 5
Z=20 7-44  iHot, compound nucleus :
N=20 N=52  irecoils backwards at

:0° in the lab frame wu’rh:
KE of beam = 3 mpVp? i velocity, Vp. -



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

. MV =(mg+m)Vy s
. = mgVp Therefore, l

mpVe mTVT:O - Vem(mp)Vp/ (mB"mT)

*0 @ Q

40Ca 9B6R 51366d (Z=64 N=72).
Z=20 7-44  iHot, compound nucleus
N=20 N=52  irecoils backwards at
:0° in the lab frame wu’rh_ ngh’r particles p,n,o
KE of beam = 3 mgVp? velocity, . i evaporated.

. : Sn,Sp ~ 1-15 MeV.
KE of recoiling nucleus P

= 7 (Mg+M V3,



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

. MV =(mg+m)Vy s
. = mgVp Therefore, l
mgVe mTvT:o VR“(mB)VB/ (mB"mT)

0@ O

40Ca %R 51366d (Z=64 N=72).
Z=20 7-44  iHot, compound nucleus
N=20 Nz=52  irecoils backwards at
:0° in the lab frame wu’rh 1365+ 3p < 133
KE of beam = 3 mpvp? i velocity, vp. ; 13égd+ggn=1332rr?1

KE of recoiling nucleis 156Gd+ 3pn=134Pm
- _;_ (MB+MT)VZR Gd+2p2n=132Sm



Production of High-Spin States

EE.;I.‘ - E{‘m + qus (211)

Een 18 the kinetic energy of the collision which 1s transfered to the compound
system. It can be calculated by taking the kinetic energy of the beam, Ep and

subtracting the kinetic energy of the recoiling compound system, Ep. Thus

E{‘m — EB - EH (212)
By conservation of momentum, for beam and target masses of Mg and Mt
respectively, the velocity of the recoiling compound, Vi can be calculated using
MgVyg = (Mr + Mg) Vg (2.1.3)

and by conservation of energy,

E,.,=Ep— % (My + Mp) V2 (2.1.4)

substituting in for Vg, and recalling that EFg = %fl-i'g‘fg, we obtain

Mp
E. —=FEp(1—
em — =B ( Mr + MB)



Example: 2°Ru(*°Ca,xpyn)!3°Gd-xp-yn

. MRV =(mg+mo)Vp
- = mgVy Therefore, l
MgV mTvT_o: Ve=(mg)Vp/ (mB"mT)

*0 @ 0

40Ca %R 51366d (Z=64 N=72). :
Z=20 7-44  iHot, compound nucleus :
N=20 N=52  irecoils backwards at nghT par,ﬂc,e
§O° in the lab frame WITh emission causes
KE of beam = % vaB gveloa’ry V,. : small recoil cone

* in lab frame due to
KE of recoiling nucleis cons. of linear

- 1
= 5 (Mp+M)V?, momentum.



Doppler Shifts

Moving source - nucleus which emits gamma-ray ;

Stationary observer - Ge detector.

1 — 32
Eq = FE ~ Fy(1l + Fcosb
> 1 - 3 cos b ( )
gﬂll]ﬂllilllll
detector The range in Doppler shifted energy across
T the finite opening angle of a detector (A0)
? / Causes a reduction in measured energy
\ | : #f resolution due to Doppler Broadening.
\
1‘1 E}"ﬁe / This is made worse if there is also a spread
‘*: “‘llf’ ‘*:f in the recoil velocities (Av) for the recoils.
Voo A |
- v v
\ :_,-,’ AF. ~ E, cost — E —sind A6
; C C

—

beam direction, velocity, v
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Proton Number
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Channel Selection in Fusion-Evaporation Reactions
« Calorimetry (Hl,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 lonization Chamber to select Z.
— Recoil-decay tagging (discrete p,a tags) for weak channels.




Determining spins from
gamma-ray multipolarities



DCO and DCO Ratios

JULY 15, 1940

PHYSICAL REVIEW

VOLUME 58

On Directional Correlation of Successive Quanta

DonNaLp R, HaMmiLton®
Harvard University, Cambridge, Massachusells

(Received May 6, 1940)

A theoretical investigation shows that there should be a
correlation between the directions of propagation of the
quanta emitted in two successive transitions of a single
radiating system. This correlation is described by a function
W(6) which gives the relative probability that the second
quantum will be emitted at an angle @ with the first; W is
determined by the angular momenta of the three levels
involved in the two transitions and by the multipole order
of the radiation emitted in these transitions. The explicit

forms of W for all angular momenta and for dipole and
quadrupole radiation are given; experimental determina-
tion of W in any given case should limit these factors to a
small number of possibilities. This has particular interest
as a means of investigating the nuclear energy levels in-
volved in y-radiation; here W should be observable by
measuring the variation with 8 of gamma-gamma coin-
cidence counting rates.



Dropping a constant factor, our correlation function for calculation is’

W(0)=14+(R/Q) cos® 6+(S/Q) cos’ 6.

126

Aj=~—1

Aj=0

Aj=1

Aj

2
Aj=1
Aj=0
Aj=-1

Aj=-2

DONALD R. HAMILTON

TasLE 1. R/Q, for both transitions dipole.

1 —-(2J-1)
13 (147413)
—(2J+43) (2J-=1)(27+3)
(1a7+1y (27 F127+0)
(J+1)(2743)
(262=15J-1)
TasLe L. R/Q, for first transition quadrupole, second dipole.
Al=1 AJ=0
-3 3(2J+3)
29 (26J-3)
3(J=35) -3(2J4-3)(J-5)
(5574-61) (58724-49J - 15)
(2J-3)(2J+5) —(2J-=3)(2J+35)
(3624927 +61) 542 447-1)

—3(2J—1)(J+6)
(5824677 —6)
3(27-1)
(267 +4-29)

3(2J—1)(J+6)
(110J24-269/4-174)
-3J(2J—1)
(5824139 4-84)

AJ=1
J(2J—-1)
(2636717 +40)

AJ=-1
=3(J+1)(2/4-3)
(58J2=23743)

3(2743)(J—5)
(110J2 —49J 415)

(2J-3)(2J+5)
(362 —20J+5)

3(J+6)

(557=6)
-3
29




870 LETTERS TO THE EDITOR

Angular Correlation of Successive
Gamma-Ray Quanta

EowArD L. BRADY AND MARTIN DEUTSCH

: ' : ! Massachusetts Institule of Technology, Cambridge, Massachusetts
First reql evidence' of angular b oo
correlations between successive HEORETICAL considerations*? predict a directional
gamma rays, correlation of successive quanta of the form

i
L W(0)=1+ Z A, cos®
Radioactive decays of ey

if 2/ is the highest multipole order occurring. Attempts to

60 =R+ - 60N\; demonstrate this effect experimentally have heretofore
Co (Im=5", T1/2=2.27 yrs fo Ni) been inconclusive.? We have studied coincidences between

45c (In:4+; T1/2:84 dClYS to 46T|) successive gamma-rays of Co®, Sc*, Y* (106 day), and

88y (In:4', T1/2=2107 dGYS to 885,«-) t(hjs‘“dat angles l?:d an(! 90° bctweu;1 tbﬁe counters, at;:li
134 e A+ _ 134 ound a pronoun anisotropy in the first two nam

Cs (I =4 ' T1/2’2'1 yrs To BG) and no correlation within the experimental error in the

last two. Our results, together with the gamma-ray energies

concerned, are shown in Table 1. The quantity (W(xr)

(nOTe , Says 86Y in paper, means SSY) TABLE L. Anisotropy of gamma-ray coincidences.
Source Co® Sce Y Csws
€ 0.21 40025 0.204+0.035 «~0.05 4003 0.01 4004
Gabl{nma-mys 1.1, 1.3 0.89, 1,12 0,91, 1,89 0.58, 0.78
ev
Reference 4 5 o 7

—~W(x/2))/W(x/2) should be equal to Z4;. Our results
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S
High-precision y-ray spectroscopy of the cardiac PET imaging isotope **Rb
and its impact on dosimetry

M. N. Nino,' E. A. McCutchan,? S. V. Smith,* C. J. Lister,* J. P. Greene,’ M. P. Carpenter,’ L. Muench,’
A. A. Sonzogni,? and S. Zhu’
' Department of Physics and Astronomy, Hofstra University, Hempstead, New York 11549, USA
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(Received 2 October 2015; revised manuscript received 21 December 2015; published 1 February 2016)
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FIG. 6. Angular correlation analysis of confirmed and newly identified 07 — 2" — 07 cascade transitions in *¥*Kr. Solid circles give the
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Neutron-Rich Nuclei?



How do you make and study neutron-rich nuclei ?

(low-cross-section) fusion evap. reactions, e.g., 80 + 48Ca —2p + %4Fe
- 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—20n)

Fusion fission reactions
- e.g., 180 +208pp — 226Th*f +f,+xn (e.g., 12,,4Ru + 112, Pd+2n)
- Doesn't make very neutron-rich, little selectivity.
- Medium spins (~10 h in each fragment) populated

Heavy-ion deep-inelastic / multi-nucleon transfer reactions (e.g.,
- e.g. 136Xe + 98Pt 136Bq + 1940s + 2n.

- Populations Q-value dependent; medium spins accessed in products,
make nuclei ‘close’ o 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.



PHYSICAL REVIEW C 81, 034310 (2010)

Use spectrometer to tag on

Spectroscopy of neutron-rich '*!"Dy: Yrast band evolution close to the N, N,

one of the reaction fragments valengemaxintune

for Doppler Correction.

e.g., 25e (Z=34) beam on thin ,\\\',L‘:”l'h P /f*;fj;} el BSOS igln ik Sl LB o

I70Ep (Z=68) target at INFN-Legnaro. R B T e

75 173 268 357 442 (10%)  (1315)

Measure BLFs directly in PRISMA ~ 32%- |

spectrometer and gammas in g 150 L 458

CLARA gamma-ray array. Reverse & s- (Bj—i—@@

correct for heavier TLF using 2-bo . o= 6 O3 (516)

kinematics. =1 " ze.la i

10000F™ % ggg (2 1?34251)
: S o2 0t X752 0

5000
o
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Energy (keV) 1 EBDy.I 02

FIG. 3. Spectrum of y-ray energies from targetlike fragments
gated on the beamlike fragments 3*Kr (top) and on beamlike
fragments **Kr plus a short time of flight (bottom). The transitions

40000}
20000}

identified as the rotational band in '®*Dy are marked with solid lines.

%80 81 82 83 84 85 86 87 68 Gate on 84Kr (Z=36) fragment in PRISMA.
10° Complementary fragment (assuming no neutron
000 [ Z%2  evaporation) for 825e+!7OEr reaction for 84Kr
500 is 168Dy (Z=66) (+2p transfer channel).

080 81 82 83 94 85 86 87 88 Shortest time of flight in PRISMA
associated with least neutron evaporation.



Nuclear Structure at Relativistic Energies

* E, > Eg.mi (i.e. beam moved faster than internal
nucleon motion in nucleus |~ 10-50 MeV/u.

* Projectile fragmentation - a useful tool fo exotic
nuclei. E, ~ 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

Beam at Relativistic
Energy ~0.5-1 GeV/A

P
FIREBALL

Target Nucleus

Abrasion

Reaction products travelling
at Relativistic Energies

Formation @f an exotic
compound nucleus

Ablation




Ion-by-ion identification with the FRS

The Fragment Separator G
"$2 " n S4'|
position
fime-of-flight measyrement
produdion megsusemenl ! / variable
/ targel T OF l, /" degrader
21 ntaimml 7
ﬂ _\ wedge -SHupeu | || ’ e ry decay
SIS-beam —m— | > posiion 90'0 er ' i I’H spectroscopy
1 ' 5 meosuremem | U
0.5-1.0 GeV/nucleon //;f g

A N
N
N
\ energy loss
measurement

selection

ToF BP AE

\<’ 7 ,’( 1
& \
fragment beam G j(&(
Nt } identification

H. Geissel et al., NIM B70, 286 (1992). A/Q 7

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

Separate and identify event-by-event. Chemically independent.
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The RISING array at GSI-Darmstat, Germany, z '
105 Germanium detectors \
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B~ -delayed spectroscopy of neutron-rich tantalum nuclei: Shape evolution in
neutron-rich tungsten isotopes

N. Alkhomashi,"” P. H. Regan,' Zs. Podolydk,' S. Pietri,' A. B. Garnsworthy,' S. J. Steer,' J. Benlliure,” E. Caserejos,’

R. F. Casten.” 1. Gerl.* H. J. Wollersheim,* J. Grebosz,” G. Farrelly,! M. Gérska.* I. Kojouharov,* H. Schaffner,* A. Algora.®’
G. Benzoni.,® A. Blazhev.” P. Boutachkov.* A. M. Bruce.'"” A. M. Denis Bacelar.'” 1. J. Cullen.' L. Céceres.* P. Doornenbal
M. E. Estevez,” Y. Fujita,'' W. Gelletly,' R. Hoischen,*'? R. Kumar,'* N. Kurz,* S. Lalkovski,'” Z. Liu,'"* C. Mihai,"”

F. Molina,® A. I. Morales,” D. Miicher,” W. Prokopowicz,* B. Rubio,® Y. Shi,'® A. Tamii,'” S. Tashenov,*

1. 1. Valiente-Dobén,'® P. M. Walker.! P. J. Woods,'* and F. R. Xu'®
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RIBF @ RIKEN = Radioactive Ion Beam Production Factory.

RI Beam Factory
]

ZeroDegree
spectrometer

Production and B p measurement

Separation of RI beams : Tagging of RI beams

Ist stage

2nd stage Decay Stations

BigRIPS

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

B 84 HPGe detectors from the EURICA collaboration
m 18 UK LaBr;(Ce) scintillators (21.5"%2") for vy rays
B BC-418 plastic counters (2-mm thick) + DSSDs for p rays

DSSD

.

/

Plastic




The EURICA Active Stopper

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

—

v v oy

—

Sistripsp 4 4 4 4+ 4 4 4

The time between particle implantation and S-particle is a
measure of the decay half-life.
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Hali-life (ms)

Half-life (ms)

week ending

PHYSICAL REVIEW LETTERS 17 FUBRUARY 2017

PRL 118, 072701 (2017)

94 3-Decay Half-Lives of Neutron-Rich . Cs to ,,Ho: Experimental Feedback and
Evaluation of the r-Process Rare-Earth Peak Formation
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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., 2%°Au,,, . 131Ing,)
« Why are Els 'naturally’ hindered ?
» Seniority isomers, j° & j" 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 LaBr;(Ce)
 Doppler Shift methods (RDM, DSAM)
 Transition quadrupole moments (Qo)




EM Transition Rates

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

2L+2

20L+1) (o )

Plot)- (2] Dotot)
g, Ll2L+1N \ ¢

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

o is the (circular) frequency of the EM field

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

m, (O‘L) — jl//;m(gL)wl_dv i..e, integrated over the nuclear volume.

We can then get the general expression for the probability per unit time for
gamma-ray emission, A(oL) , from:

1 P(oL) 2(L+1) (wj”“
(o) r ho  ghL|2L+1N] \c [mﬁ (o)
(see Introductory Nuclear Physics, K.S. Krane (1988) p330).




ow IS measuring Nuclear structure mfor'ma‘rlon
the lifetime The ' - |
useful? tells us the overiap

f between the initial and final
nuclear single-particle
wavefunctions.

L+1 E N\t v
Th(\L) = —om D) (—'}) BOL: Ji — J;)
t L ((2L +1)! ) hc’r
(trivial) gamma-ray
Transition probability energy dependence of
(l.e., l/mean |If€'|'lme as transition r\aTe' goes as.

measured for state which | |F2v1e g E5 for E2s
decays by EM radiation) for examplé.




Measurements of EM Transition Rates



Rep. Prog. Phys., Vol. 42, 1979,
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The measurement of the lifetimes of excited nuclear T'oc |(yf¢|Ogecay| ¥1>]2

states
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Extracting (nuclear excited state) lifetimes.(*)

T

<X
\ 4

* Assuming no background contribution, the
experimentally measured, ‘delayed’ time distribution for
a y—y—At measurement is given by:

I
D(.ﬂ — ”xif

Pt — 1)~ =gy with 1=1/t.

* P(t’-t,) is the (Gaussian) prompt response function and
A=1/t, where 1 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

M. Rudigier et al. / Nuclear Physics A 847 (2010) 89—100

4+ PRF ------e--
START|BQ at225.0 A ; |1

10 F

1 ,' II‘ L0 o e |

0 2 4 6 8 10 12 14 16 18
t [ns]

Gaussian-exponential convolution to account for timing resolution
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TRANSITION PROBABILITY FROM THE GROUND TO THE FIRST-EXCITED
2+ STATE OF EVEN-EVEN NUCLIDES*

S. RAMAN. C. W. NESTOR. JR.. and P. TIKKANENT

Physics Division. Oak Ridge National Laboratory. Oak Ridge. Tennessee 37831

Adopted values for the reduced electric quadrupole transition probability. B(E2)t. from the ground state
to the first-excited 27 state of even—even nuclides are given in Table I. Values of 7. the mean life of the 2+
state: E, the energy: and g. the quadrupole deformation parameter. are also listed there. The ratio of 8 to the
value expected from the single-particle model is presented. The intrinsic quadrupole moment. Qy. is deduced
from the B(E2)1 value. The product E x B(E2)t is expressed as a percentage of the energy-weighted total
and isoscalar E2 sum-rule strengths.

Table IT presents the data on which Table I is based. namely the experimental results for B(E2)t values with
quoted uncertainties. Information is also given on the quantity measured and the method used. The literature
has been covered to November 2000.

The adopted B(E2)1 values are compared in Table ITI with the values given by systematics and by various
theoretical models. Predictions of unmeasured B(E2)t values are also given in Table ITI. @ 2001 Academic Press

EXPLANATION OF TABLES

TABLEL  Adopted Values of B(E2)t and Related Quantities

Throughout this table, italicized numbers refer to the uncertainties in the last digits of the quoted values.

Nuclide  The even Z, even N nuelide studied
E(level)  Energy of the first excited 27 state in keV either from a compilation or from current literature
B(E2)t  Reduced electric quadrupole transition rate for the ground state to 27 state transition in units

of 't
T Mean lifetime of the state in ps
T =40.81 x 10BE[B(E2 /)T (1 + )~ (see Table I1 for the @ values when
o >0.001)
i Deformation parameter

B = (4n/3ZRG)BEEW/ETP, where
R = (12 x 107547 emy?

= 0.0144%3b
Bisp) B from the single-particle model
By =1.59/Z
Qo Intrinsic quadrupole moment in b

maTl2
%:P@MLW

50 ¢

£t

Energy of 2| (MeV)

LINES CONNECT ISOTONES
\

20

40

60
Atomic Number Z

20

40

60
Atomic Number Z

80

100




EM decay selection rules reminder.

Suppose we are concerned with a transition between the states 7 and f of
characters (spin, parity) (Js, m:) and (J, wy) respectively; defining a quan-
tity p, which is 0 for even parity and 41 for odd parity, we see that the

multipoles that can contribute are delimited by 3T
(a)
Ji+Jr2L2 |J-'_Jf|: ("mixed™)
and by the further conditions: . MI. E2
(‘pure’)
?i + 2r + L = odd for magnetic multipoles E2 M3, E4, M5, EG,
. . M7, E8, M9
?: + pr + L = even for electric multipoles. '
TABLE I MS, E4, M5, 4
E6, M7, ES8
OBSERVED MULTIPOLE TRANSITIONS
= ' ("mixed")
Multipole L 1 2 3 4 5 M1, E2,
Yes El o, M2 E3 M4 ES5 N M3, E4, M5, E6, M7
Parity change 3
No M1l <> E2 M3 E4
Since the quantity that enters in the vector potent{al of the L-multipole is: 4+
. (Br)E (b)
(k) = QL4+ I 9. . El, (M2)

we see that the lowest possible multipole transition is greatly favored for ) E3, M4, ES5, M6, E7
kr<1. The range of energies for which (k7)1 is frequently called the “long M3.....E6 J
wave-length” region. I.n fact, usually only the lowest possible multipole + ﬁl” (M2)
contributes, but sometimes also the next order will appear. It is this.fact 2 E3 M4, ES
that makes the measurement of multipole order so useful a tool in the assign- 2>

ment of characters to levels. The most important examples of mixed multi-
poles are found for M1+ E2 and E1+4 M2 transitions; these are indicated in
the above table by connecting lines.

From M.Goldhaber & J.Weneser, Ann

. Rev. Nucl. Sci. 5 (1955) p1-24




7i.. .| Independent particle model (from 1950s)
13/2
Protons & neutron (fermions) fill orbits by PEP.
82
Each j=)+s level has 2j+1 projections of m,
§g3/2
Ig;g e.g., g, Orbit can have
2d
50 72 1(2 x 9/2)+1 ] = 10 protons
] with mj from -9/2,-7/2,....,+#7/2,+9/2.
892
(40) Clustering of levels causes energy 'gaps’
leading to MAGIC NUMBERS.
28 Can 'approximate’ the average / mean field
experienced by each nucleon by e.g.,
20 as:
ldy,
2512l H=HO + all + bls
lds),
8
2
15

V=SHO + °.+ Ls.



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

1 8m(L+1) (E "
T === Sht (V) B(AL: I; > I;)

T h((2L + 1)* \he

The extracted reduced matrix elements, B(1L) give insights e.g.,

« Single particle / shell model-like: ~ 1 Wu (NOT for Els)

« 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~° Wu and slower).



Multipolarity Electric Transition Rate (s7!') Magnetic Transition Rate (s=1)

1 1.587 x 10" E3 B(E1) 1.779 x 108 E3 B(M1)
2 1.223 x 10° ES B(E2) 1.371 x 107 ES B(M2)
9 5.680 x 102 ET B(E3) 6.387 x 10° E7 B(M3)
1 1.649 x 104 E? B(EA4) 1.880 » 10~ E? B(M4)
5 3451 x 1011 B! B(ES5) 3.868 x 10713 E1' B(M5)

Table 2.2: Transition probabilities T(s™!) expressed by B(EL) in (e*(fm)*") and

B(ML) in (324 (fm)*~2). E, is the y-ray energy, in MeV. (Taken from ref [69]).

Mrc

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 2-)

* They estimate the transition rate for spherically
symmetric proton orbitals for nuclei of radius r=ry,AY3.

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

T19(E1) = 6.76 x A72PE™3 x 107
Tijp(M1) =220 x E7° x 107
T1/5(E2) = 9.52 x A=*3p=?
Ti/2(M2) = 3.10 x A™*PE~° x 10
Ti2(E3) =2.04 x AT2E~" x 107

where the transition energy E 1s in MeV and A 1s the atomic mass number




Weisskopf, V.F., 1951.

Radiative transition
probabilities in nuclei.

Physical Review, 83(5),

p.1073.

LETTERS TO

where K is the low frequency dielectric constant, K is the optical
constant, p the density, and x the compressibility. In Table I are
listed the values of 3 InK/dp calculated from (4) and (1) next to
the experimental values of @ InK/dp. The calculated values of
d InK/ap differ from those of Rao by the term a(K — K,)/K, which
arises from the difference between (1a) and (2a).

Equation (4) is derived assuming that the inner field polarizing
the dielectric is independent of pressure. Since the values of
—9d InK/ap obtained from (4) do not account for all the change in
the dielectric ¢ t, it seems ¢ to expect that the inner
field is not constant but does decrease with increasing pressure.
This conclusion agrees with the one reached in my original paper
using the theories of Hojendahl and Mott and Littleton.

tD. A. A. S. Narayana Rao, Phys, Rev. 82, 118 (1951).
2S. Mayburg. Phys. Rev. 79, 375 (1950).

Radiative Transition Probabilities in Nuclei

Physics D-mm ]ln.muhum Institute of Technology,
Cambridge, Massachusetts

(Received July 20, 1951)

ONSIDER a transition from nuclear state a to nuclear state

b with emission of a quantum of multipole radiation of

angular momentum / (2-pole) and s component m. The transition
probability per umit time is given by‘

8x(l41) 2

1. ——e—

Thm=rarnis &

where x=2xv/c is the wave number of the emitted radiation, and

the quantities A, A’ are the multipole matrix elements caused by

the electric currents and by the magnetization (spins), respectively.

We find for electric radiation

IA(I m)+A’(, m)|?, 1)

z
Al,m)=Q(, m)=eZ f'n‘ Yim*(0k, #2) v"pa dr, 2
k=1
5 ix e 4
A, m)=Q', m)-—H_l Mo E]u
XJ‘M‘ Yim*(0r, ¢1) div(gs*reXOupa) dr, (3)

where ¢4 and ¢ are the wave functions of the nuclear states, M is
the mass of each nucleon, n-(n, &, 1) is the position vector of
the kth nucleon o is its Pnuh spin vector, and pug is its magnetic

t in The sum in (2) extends over the
protons, the sum in (3) over both protons and neutrons. These
are approximations valid for xR&1, where R is the

nuclear radius.

The corresponding expressions for magnetic multipole radiation
are

1 e 2
AL, m)y=M(, "')"'H——I'ATEE.

it Vin*(8s, ¢) div(es*Laga) dr, (4)

GA A
A'(,m)y=M"(l, m)-—rm E ™
1

7! Yim*(0s, ¢0) div(es*0ug,) dr, (5)

where Ly= —irsX Vs is the orbital angular momentum operator
(in units of &) for the kth nucleon.

We can estimate these matrix elements by the following ex-
ceedingly crude method. We assume that the radiation is caused
by a transition of one single proton which moves independently
within the nucleus, its wave function being given by u(r) ¥ 1a(6, ¢).
In addition we also assume that the final state of the proton is an
S state.? We then obtain

QU m)~[e/(4x)* )03/ (1+3) IR (6)

THE EDITOR 1073

where the integral J/'r'us(r)uq(r)r*dr over the radial parts of the
proton wave functions was set approximately equal to 3R'/(I4-3).

The other matrix el are esti d by replacing div by R™.
We get the rough order-of-magnitude guess

M, m)~[e/(4m)VI[3/(+3)[A/McIR, )

M' (1, m)~[e/(4x)VI[3/(1+43) Jur[R/McIRY, (8)

where up is the magnetic moment of the proton (=2.78). Q"(}, m)
can be neglected compared to Q(!, m). We therefore get a ratio of
roughly

(14-up®)(h/ McR)*~10(h/ McR)*

between the transition probability of a magnetic multipole and an
electric one of the same order. This ratio is energy-independent in
contrast to widespread belief.

Inserting these estimates into (1) we get for the transition
probability of an electric 2'-pole

sl 44(141) il)’( B )u+|
= =l[(21+1)n]l(1+ 197 Mev.

X (R in 1073 cm)2! 102 sec™ (9)
and for a magnetic 2*-pole

Ty(bz%.%(”;) (197 Mev)m

X (R in 107% cm)*-2 10% sec™!. (10)

The assumptions made in deriving these estimates are extremely
crude and they should be applied to actual transitions with the
greatest reservations. They are based upon an extreme application
of the independent-particle model of the nucleus and it was
assumed that a proton is responsible for the transition. On the
basis of our assumptions the electric multipole radiation with I>1
should be much weaker for transitions in which a single ncutron
changes its quantum state. No such differentiation is apparent in
the data.

In spite of these difficulties it may be possible that the order of
magnitude of the actual transition probabilities is correctly de—
scribed by these formulas. We have published these exceedi:
crude estimates only because of the rather unexpected ngmt
with the experimental material which was pointed out to us by
many workers in this field.

The author wishes to express his appreciation especially to Dr.
M. Goldhaber and Dr. J. M. Blatt for their great help in discussing
the experimental material and in improving the theoretical
reasoning.

1 We use the notation (2/41)11=1-3- 5 (21+|)

1 This latter can consist in unim-
portant numerkal factors.

Nuclear Magnetic Resonance in Metals:
Temperature Effects for Na*

H, S. Gurowsky
Noyes Chemicdl Laboratory, of Chemistry, University of Iliinois,
Urbana, Illsnois*
(Received July 2, 1951)

NIGHT reported! that ! tic e fre-
quencies are higher in metals than in chemlal compounds.
It has been proposed? that such frequency shifts are primarily the
result of the contribution of conduction electrons to the magnetic
field at the nuclei in the metal. This note gives an account of some
related preliminary results including temperature and chemical
effects, and also detailed line shape studies. Our experiments have
beer! at fixed f y using equip t and procedures outlined
previously 3 ¢
The effect of temperature on the Na® magnetic resonance shift
in the metal, relative to a sodium chloride solution, is given in




What are isomers ?

Metastable (long-lived) nuclear excited state.
'Long-lived’ could mean:

~10-1° seconds, shape isomers in a-cluster resonances or
~10% years 80Ta 9-—1* decay.

Why/when do huclear 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.
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10P Publishing
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Review of metastable states in heavy nuclei

G D Dracoulis'*, P M Walker’ and F G Kondev'

60

doi:10.1088/0034-4885/79/7/076301
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Figure 1. Nuclear chart illustrating the distribution of isomers with excitation
energies greater than 600 keV, with data from Audi et al. [44]. The filled red circles
correspond to 200 ns < Tj, < 100 ps, the open red circles correspond to 100 pus
<Tijo <1 hr, and the filled blue diamonds are for 77,5 > 1 hr.

P.M.Walker and 6.D.Dracoulis. Nature, 399 (1999) p35



EM Selection Rules and their Effects on Decays

* Allowed decays have:

I-1,<a<

-1

e.g.,decaysfrom [”" =6 " to [" =4~
are allowed to proceed with photons

carrymng angular momentum of
A=2,3,4,5,6,7,8,9and 10 7.

(67 (48)(2017)

@) i 1969
497

29 1472

1472

07 0

e.g., 1928n;,

Why do we only
observe the E2
decays ?

Are the other
multipolarity
decays allowed /
present ?

Need also to conserve parity between intial and final states,

thus, here the transition can not change the parity.

This adds a further restriction : Allowed decaysnow restricted to
E2.E4, E6, E8 and E10;and M3, M5, M7, M9



(67) (48) (2017} E E2 M3 E4
Y
F T
@ (1Wu) | (1wu) | (1Wu)
497
(21) 1472
48 112us 782.822 s 2 5E+14s
(6*—4")
555 66,912s
1472 (6*—2%)
497 0.9ns 61ms 180,692s
(4*—2%)
0 0 1969 751ms
102§ (4*—0")

Conclusion, 1n general see a cascade of (stretched)
E2 decays in near-magic even-even nuclei.



Weisskopf single-particle estimates
z,, for 1 Wu at A~100 and E = 200 keV

M1 M2 M3
2.2 ps 4.1ms 36 s

El E2 E3
5.8 fs 92 ns 0.2s

The lowest order multipole decays are highly favoured.

BUT need to conserve angular momentum so need at minimum A= I-l; is
needed for the transition to take place.

Note, for low E, and high - 4, internal conversion also competes/dominates.



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

'Near-Yrast' decays
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The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays
3500
3000 Y
2500 ’ L 4
> $ ¢
2 * M
2 2000 N ‘ PO— Y
= t 0/
E 1500
= *
“ 1000
4
500
O ‘ T T T T T
0 2 4 6 8 10
Spin of decaying state, |




The EM transition rate depends on Ey?**1,, the highest energy transitions
for the lowest A are (generally) favoured.
This results in the preferential population of yrast and near-yrast states.

'Near-Yrast' decays

3500
3000 * Y /
> 2500 ’ * P .
3 . *
S 2000 ‘ .
S t ’ e "/
® 1500 —
G
& 4000 Vi
= gamma-ray between
- 0/ _ yrast states
O ‘ T T T T T
0 2 4 6 8 10

Spin of decaying state, |




The EM transition rate depends on Ey?**1, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers)

'Near-Yrast' decays

3500
3000 /
. 2500 ° gk/:
> $
o Y 0/
: 2000 . ‘ P —
= t /04/
® 1500
—
“ 1000 Vad =y ray between yrast states
2
500 / / ||
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0 2 4 6 8 10

Spin of decaying state, |




The EM transition rate depends on Ey#*1, (for E2 decays E.°)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers etc.)

'Near-Yrast' decays
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The EM transition rate depends on Ey?**1, (for E2 decays E °)
Thus, the highest energy transitions for the lowest A are usually favoured.
Non-yrast states decay to yrast ones (unless very different ¢ , K-isomers)

'Near-Yrast' decays

3500
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7 /’

>

o 78 / 0

S 2000

100

K

T 1500

2

“ 1000 / =y ray between yrast states
2

500 / / -
O‘ T T T T T
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Spin of decaying state, |




Excitation energy

Yrast Traps

3500
3000 . $
2500 g .
4
*
2000
t g o .
‘A
1500 n . |
. The yrast 8* state lies lower in
1000 excitation energy than
. any 6* state...
500 i.e., would need a 'negative’
gamma-ray energy to decay
0¢ | | to any 6* state
0 2 4 6 8 10

Spin of decaying state, |




Yrast Traps
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. 2500 o )4 &
S &
3]
S 2000 § o
5 t ¢ . ¢ <
§ 1500 =
X - ¢ | The yrast 8* state can not decay to ANY 6",

* The lowest order multipole allowed is
500 A=4 I"=8* —4* i.e., an E4 decay.
O ’ | | | | |
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Spin of decaying state, |




single-particle’-like transitions.



82

S0

(40)

28
20

8

2
V=SHO + °.+ Ls.

1i;3,

2d;,
381/

1g;,
2ds,

1gy),

1 d3/2

S1/
1ds,

Is;,

Basic, independent particle model (with
very simple residual interactions added,
such as 0 - (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) > AT > )

2) Seniority isomers — o-interaction can
demonstrate with geometric picture how
(single) jn multiplet looks like j° multiplet.
Small energy difference between J, .
and (J, -2) states cause ‘seniority isomers’.

max
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Proton-hole excitation in the closed shell nucleus 20°Au
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nergy (ke

Angular momentum selection rule says lowest multipole decay allowed is
A=(11/2 -3/2)=AL =4

Change of parity means lowest must fransition be M4.

IWu 907 keV M4 in 295Au has T,,,= 8 secs; corresponding to a near ‘pure’
single-particle (proton) transition from (h,;,,) 11/2- state to (ds,,) 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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Why are E1 transitions usually isomeric?

El single particle decays need to proceed
between orbitals which have A L=1 and
change parity, e.q.,

./, and ds,
or go,, and f;,,
or hyy,, and gy,

or ps,, and ds,,

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

I=5 from (hy;,2)? x (s1/2)*

Im=4* from (ds,,)! x (s1,2)*



Ty (ps)

0.012(2) {}? """ 2! -~ 2108
0.270(7) (5) 3(765)

~1871

4 ' 1430
1204

2+ Y 646

10+~ — 2684

8+ 2616
g+ 2446
&+ 2184
7- 1830
5- ~—" 1700
4+ 1680

2+ 828

O+ 0

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

A 1 Wu 440 keV E1 should have T/, ~ 4x10-13s;

actually has 270 ns (i..e hindered by ~108)

L. Caceres. =" M. Gorska.!

"HYSICAL REVIEW C 79, 011301(R) (2009)
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Why are E1 s isomeric?

Els often are observed with decay
probabilities of 10> —10-° Wu

El single particle decays need to proceed
between orbitals which have AL = 1 and
change parity, e.q.,

f7/. and ds,;
or g, and f,,
or hy,, and gy,
or iyz;, and hyy,

or pss, and ds,,

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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S0

(40)
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8

2
V=SHO + °.+ Ls.

li,;, Why are E1 s isomeric?

El single particle decays need to proceed
between orbitals which have A L=1 and
§d3/2 change parity, e.g.,

S1/
Ig 7/2

2d,,, What about typical 2-particle configs.
eg.,
18y,
I=5- from mostly (hy;/»)? x (S1/5)?

I"=4* from mostly (ds,,)! x (s1/,)*
No E1 'allowed’ between such orbitals.
1d,, E1occur due to (very) small fractions of
2s,,, the wavefunction from orbitals orginating

1ds; in higher shells.

Small overlap wavefunction in multipole
Is;, matrix element allows 'slow’ Els to proceed.



1i;3,

82
2d;,
381
1g;,
2ds,,
50
—— e | 7/
(40)
28
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1d;),
S1/2
S lds),
2
Is;,

V=SHO + °.+ Ls.

Why are E1 s isomeric?

Els often observed with decay probabilities
Of 10> —»108 Wu

El single particle decays need to proceed
between orbitals which have A L=1 and
change parity, e.qg.,

/2 and ds,
or go,, and f5,,
or hy,, and g/,

or ps,, and ds,

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. >*Feg.

6527 146 10*
6381 g*

3432 3578
2949 la+ v
i E, E2 M3 E4
1130 (IWU) (IWU) (IWU)
146 keV 1.01 ms 613 s 21 E+6s
(10*—8*)
3578 keV 6.5 ms
(10*—6*)
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40 40
s/ fs0
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. —eo-e0e000ee— fr  -0-0-0-0---0-0—

20 20
42 —o-00® di: —9e0@
—0 00000 —— —O-0-0-0-0-0

ds)2 ds,

8 8
P12 —@@ P12 —9@
P2 —0-0-0-@ P32 —g-0—0-0

2 2
S12 — @@ Sz —0®

break core I"=10" from (vf;,,) % X (ntf;, X TP1/2,P3/2) 4+



D. Rudolph,' R. Hoischen,'? M. Hellstrom,' S. Pietri,’ Zs. Podolydk,® P. H. Regan,” A. B. Garnsworthy,** S. J. Steer,’

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 78, 021301(R) (2008)

Isospin symmetry and proton decay: Identification of the 10* isomer in **Ni

F. Becker.”" P. Bednarczyk.,” L. Céceres,>® P. Doornenbal >" J. Gerl,> M. Gérska.? J. Grebosz.>* 1. Kojouharov.? N. Kurz,?
W. Prokopowicz,>3 H. Schaffner,> H. J. Wollersheim,? L.-L. Andersson,' L. Atanasova,® D. L. Balabanski,*’ M. A. Bentley,'?

A. Blazhev.” C. Brandau,>* J. R. Brown,'” C. Fahlander,! E. K. Johansson,' A. Jungclaus,® and S. M. Lenzi'!
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Other examples of ‘core’ breaking isomeric decay:
Signature is a ~ 4 MeV decay from isomeric state.
see e.g. around !325ng, doubly-magic closed core.

17/2+ 59/2* (E4) in B!In; T,,,=630 ns, B(E4)=1.48(14) Wu.
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M. Gorska et al. / Physics Letters B 672 (2009) 313-316



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)



Evolution of nuclear structure
(as a function of nucleon number)
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K-isomers in deformed nuclei

In the strong-coupling limit, for orbitals where Q is large,
unpaired particles can sum their angular momentum
projections on the nuclear axis if symme’rry to give rise to
'high-K' states, such that the

total spin/parity of the high-K Tt =R Z ”
Multi-particle state is give by:

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

E*m Y \(er—ep)?+ A?

where ¢, is the sifigle-particle energy; ¢ is the Fermi
energy and A is the pair gap (which can be obtained from
odd-even mass differences)




K isomers

(a) T ,f;

R

..... _\mm g =05

K, — K| = AK < )\

vr=AK —\
Tﬁ /v
fo = |=£| = reduced hindrance for a K-isomeric
Ty decay transition.




Effect of Nuclear Deformation on K-isomers

Nilsson scheme: Quadrupole deformed

Spherical, harmon. oscilator 3-D HO. where ho -> ho +ho +ho

. . X y z
H =ho+al +bls, . > prolate f3, axial symmetry means o,=w,
quantum numbers j™ m. g

v..  quantum numbers [N,n ,A]Q"

b/, (10)

-

hy,, (12
n2(12) ~" Mid-Q (FAL)

ds;, (4) v v/
S12 (2) Qr

ds (6)

&712 (8) Low-Q, (RAL)

€92 (10)

K™= sum of individual Q™ values.
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178W: different and discrete O, 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 7> 4 =180, E, =500keV

(‘Weisskopf') estimates . PN s
for transitions rates for | £1 2> 1w™ =06.76x10 7L "4 —1.6x10 s

a given multipolarity. M1—T,?=220x10"E’ —1.8x10"s

(Eg (keV) ' T1/2 (S): 1/2 _ 6 -5 4—4/3 10
Firestone and Shirley, E2—>T,  =952x10"E "4 —>3.0x10"s

Table of Isotopes (1996). | M2 —>T,” =3.10x10"E;>47*" —3.1x10"s

Hindrance (F) (removing dependence on multipolarity and E) is
defined by

1/ . .
F = Tl—éVz =ratio of expt. and Weisskopf trans.rates
1/2

Reduced Hindrance ( f,) gives an estimate for the 'goodness’ of K- quantum
humber and validity of K-selection rule ( = a measure of axial symmetry).

7\ f, ~ 100 typical value for 'good'
f,=F" = 1—/W2 , V=AK—-A4 K isomer (see Lobner Phys. Lett.
1), B26 (1968) p279)
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The obvious:

The lifetimes that can be measured
depend on o/t for your instrument.

Improved timing resolution
(i.e., faster response) is needed for

\ shorter lifetime measurements.
T \
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DESPEC Setup Overview pEoPE

« Exotic beams delivered by the FRagment Separator
» lons stopped inside DESPEC setup
Mam’_, seonaary o Flexible, modular detector suite tailored to physics goals

/ Dipole
magnet

Production
target

S1

S4 A.K. Mistry et al., The DESPEC
setup for GSI and FAIR,
NIM A, 166662 (2022)

Degrader

The MOdular
Neutron
SpectromeTER

(MONSTER)

BEta-deLayEd Neutron > ’ DESPEC

detector (BELEN) P \ Wi Ge Array

48 3He cylindrical counters Decay Total Absorption F Ast TIMlng Array Spgcélg;lgter
y-ray Spectrometer (DTAS) LaBry(Ce) modules ( )
Nal(Tl) modules (FATIMA)

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




GTC analysis highlighting °4°°Pd isomers and lifetime analysis
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%6Pd |*=8*isomer decay, gated on 1415 keV 2* - 0* transition.
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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)
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The obvious:

The lifetimes that can be measured
depend on o/t for your instrument.

Improved timing resolution
(i.e., faster response) is needed for

\ shorter lifetime measurements.
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Fast-timing Techniques

Centroid shift method
for an analysis of short
half-lives

(Maximum likelihood
T method)

_/

t=0

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



Fast-timing Techniques

Mirror-symmetric
centroid shift method.

Using reversed gate
, order (e.g. start TAC on
2t | 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



Gamma-ray Scintillation Detectors

» LaBr;(Ce) has an energy-dependent timing-resolution F\WWHM
of ~150 ps with ®°Co for a @1”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
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— , 10000 | | from 100 keV to 3 MeV o
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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
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Mixed HPGe-LaBr3 'hybrid' arrays -

ROSPHERE

Nuclear Instruments and Methods in Physics Research A 837 (2016) 1-10

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

journal homepage: www.elsevier.com/locate/nima

The ROSPHERE y-ray spectroscopy array
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Fig. 10. y-Ray energy spectra obtained by gating on the 934, 561, 1462, 352 and
988-keV yrast transitions in **Zr. Bottom: Summed gates in the HPGe-HPGe sym-
metric matrix; Top: Summed spectra from the LaBrs(Ce) scintillators obtained with
the same HPGe gates. The peaks are marked by their energy in keV.

Table 1

Detector endcap to target distances for each type of HPGe detector and each ring.

Ring no. No. of d(degrees) ¢ (degrees) Distance Distance
detectors type a (mm) type b (mm)
1/5 5/5 37 /143 0, 72, 144, 179 210
216 and 288
2/4 5/5 70 [ 110 36, 108, 180, 186 217
252 and 324
3 5 90 0, 72, 144, 176 208
216 and 288




An example, 'fast-timing' and id of M2 decay in 3*P.

7 6237

P.C. BENDER et al. PHYSICAL REVIEW C 80, 014302 (2009)
34 P R. CHAKRABARTI et al. PHYSICAL REVIEW C 80, 034326 (2009)

sk
1607

* Study of 3%P identified low-lying
2884 &) | 4630 I"=4- state at E=2305 keV.

* *
3932 679 "
s 57 3951 - I"=4-— 2* transition can proceed
* by M2 and/or E3.
5 3353 2325
* *
16381 4'4 ¥ I 1646 : :
waa o b + Aim of experiment was to

measure precision lifetime for
2305 keV state and obtain B(M2)
and B(E3) values.

(37)2321 4(-

1892 1876 . . . .
* Previous studies limit half-life to
1180
0.3ns<ty,<2.5ns
2" 429
TI— 429 O

P.J.R.Mason et al., Phys. Rev. €85 (2012) 064303.



Physics...which orbitals are involved?

* Theoretical (shell model) predictions suggest 2* state based
primarily on [n2s,, X (v1ds,) '] configuration and 4- state based
primarily on [n2s,,, x v1f;,] configuration.

* Thus expect transition to go mainly via f5,, — d3,,, M2
transition.

* Different admixtures in 2* and 4- states may also allow some E3
components (e.g., from, f;,, —s;,,) in the decay.

1£,, —— 1f;;,

o

—0-0-0-0— —-0-0-0-0— 1d;, —0-0-0-0— —-0-0-0-0— 1d;,
—-0— —0-0—— 25, —-0— —0-0— 2s,,

0-0-0-0-0-0 0-0-90-0-0-0 1d;, ©-0-0-0-0-0 0-0-0-0-0-0 1d.,
T A% T \%

It = 2+ [n28,,, X (v1day,) "] It = 4 [1284, X V1]




Experiment to Measure Yrast 4- Lifetime in 34P

180(180,pn)34P fusion-evaporation at 36
MeV 6 ~5-10 mb

50mg/cm? Ta,'80 enriched foil; 12O Beam
from Bucharest Tandem (~20pnA)
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Array 8 HPGe
(unsuppressed) and 7
LaBr;:Ce detectors

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



Ge-Gated Time differences

5 3353
1048
4~ 2305

2t 429

429

1" @ o0

PHYSICAL REVIEW C 85, 064303 (2012)

Half-life of the I™ = 4~ intruder state in **P: M2 transition strengths approaching
the island of inversion

P.J. R. Mason,' T. Alharbi,"? P. H. Regan,' N. Mirginean,® Zs. Podolyak,! E. C. Simpson.' N. Alkhomashi.* P. C. Bender.”
M. Bowry,! M. Bostan.® D. Bucurescu,®> A. M. Bruce.” G. Ciita-Danil.® I. Ciita-Danil,® R. Chakrabarti.® D. Deleanu,’
P. Detistov.” M. N. Erduran,'® D. Filipescu.® U. Garg.!' T. Glodariu.” D. Ghiti.” S. S. Ghugre.* A. Kusoglu,®
R. Mirginean.* C. Mihai,> M. Nakhostin,! A. Negret,* S. Pascu.? C. Rodriguez Triguero,” T. Sava,” A. K. Sinha ®
L. Stroe.” G. Suliman.® and N. V. Zamfir?

Gates in LaBr; detectors to observe time
difference and obtain lifetime for state

|deally, 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....
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Counts / keV

distribution as half-life of 2*is much
shorter than prompt timing response.

LaBr; - LaBr; Energy-gated time
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Successful nanosecond lifetime measurement in 34P (June 2010)

PHYSICAL REVIEW C 85, 064303 (2012)

Half-life of the I™ = 4~ intruder state in **P: M2 transition strengths approaching
the island of inversion
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Result: T;/, (I"=4") in 3*P= 2.0(1) ns
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T,/» = 2.0(1)ns = 0.064(3) Wu for 1876 M2 in 34P.
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Deconvolution and lineshapes

e [f the instrument time response function R(t) is Gaussian of width ¢,

R(t)=A, exp(— ;22 ]

O

* |f the intermediate state decays with a mean lifetime t, then

S(t) =A, exp[— t]
T

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

. t 1-erf(x) is the
G- G —1 complementary
I(t) = exp[ 72 J(l - ert[ \/_GT ]J error function of the

T ;
variable, x.




Fast TIMing Array = FATIMA

100000 T T T T T T T
a) Gaussian fi s

10000 (\
FWHM =
1000 334.3(4) ps

100

Counts per 25 ps

10

dt (ns)

1 1 1 I I I || 1
- b) Exponential fit == 1

T = 2.046(43) ns

100 3

105-

Counts per 25 ps

‘ Beam direction

M.Rudigier et al., NIM A969 (2020) 162967 dt (ns)



FATIMA LaBr; Detectors, used around the world
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T(E2) =1.223 x 10°E>B(E2)
T (E2) = transition probability = 1/t (secs);
E, = transition energy in MeV

2+

L) L} I Ll L] L) T l L] T Ll

1
L B(E2: 0%, > 2*,) oc (24 || E2[] 0*))2 3
300} S, F

Neutron Number N

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 (B,) ‘deformation’.

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

5 3 I-K)I-K-1){UI+K)[+K-1)

B(E2) = -

32
167 (2] —2)(2] —1)J(2J + 1)




NuBall at TPN-Orsay: "Hybrid' HPGe -LaBr; combined array.

20 LaBr; 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 LaBr; detectors; 125
MHz sampling for the HPGe and BGO detectors
Internal pulse s

e f#'&\\f{,—§ :

&,
e —




A Fundamental Nuclear Structure Physics Question?

'Simple’ nuclear observables show a relation between the
B(E2) (proxy for ~ B,) & 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 &

0 28 50 g 126
82 — 104 — 126 neutrons 10 s
90-: .
11 | ] ] ] 80 ------------------------------------------------
627y || %3 65 Tm E
e Cwgd B ;

(7w 5 ] i ' g
L_h, | = 604 : : : E2, )
‘ ““ 2 50 —: 3 E . .Sr. . .-II:I- I, . S()
:E S 1 : o : 500

‘ By “ 9 40 B : =" y
l =Th ﬂ 304 : MY 1000
: 201 AW -
.ﬂ : : : - 1500
10 Jagil- -
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Total Projections at Different Beam Energies

~]
w

71 MeV

164Dy
l?SW

B(E2:2*— 0*) in %¢Dy

Pulsed O beam: 2 ns pulses, 400 ns
period, ~35 enA, charge state Q=6*
164Dy target: 95% purity, 6.3 mg/cm?
Desired reaction: 4Dy (*80,°0)!*%Dy

1 week beam time, 3 beam energies:
- 71 MeV (2 days); VRS
« 76 MeV (2 days): & |
+ 80 MeV (3 days)

169

RRANRARRNRRRARRARRNRAR

259
237 351

76 MeV

[ ]
Counts per 0.5 keV (millions)

447

73

TTTTTT]TTTTT

100 750 200 20 300 B0 400 450 500 50
Energy (keV)

« Spectra dominated by °“Dy from
Coulomb excitation of the target
& 164Dy(180,4n)178W fusion evap.

« 166Dy not clearly visible in total
projection spectrum;

e Channel selection needed




Allows a confirmation of published level scheme for 16¢Dy.
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Proof of Principle’ Results using 04Dy

5240-:__ ________ ! _P|52 - BIB., | RE u::— 1022_ Gelgate: 342 IEEV
= ¢ /e = ﬂﬁwﬂ% AT: 169, 259 keV
2 220 1 270 frhriﬁ J[Wﬁ Ty = 0.189(7) ns
N 2001 =L 5 * * HH AT: P|P
N 1 S 19F }\H { AT: P|B
180 BlPl_:ﬁIP B|P; 5 - H‘ ‘ H ‘ AT: B|B
160} e = - ” | | 1

S i

1 | 1 1 | 1 1 | 1 I | 1 1 I 1 1 | 1 1 I” 11 11
200 220 240 260 280 300 320 340 -1 05 0 0.5 1 1.5 2 2.5
Energy [keV] Time Difference [ns]

T;/2(2+) = 2.35(6) ns, published 2.393(29) ns [1]
T, /»(4%) = 0.189(7) ns, published 0.201(8) ns [1]

1] B[. Singh and B. Chen Nucl. Data Sheets 147, 1 (2018)
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Half-life measurements in '**'*Dy using y-y fast-timing spectroscopy with the v-Ball spectrometer
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T1,(2*) = 2.35(6) ns. Evaluated value as 2.39(3) ns [1] ;
Ty, (4*) =0.201(4) ns; cf. ENSDF evaluated value 0.201(8) ns [1]
[1] B. Singh & B. Chen Nucl. Data Sheets 147, 1 (2018)
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10Dy;0 2" lifetime from NuBALL, largest Np.Nn B(E2)

PHYSICAL REVIEW C 101, 024313 (2020)
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What about 'faster’ transitions..
l.e. < ~10 ps ?



THE MEASUREMENT OF SHORT NUCLEAR
LIFETIMES®

By A. Z. SCHWARZSCHILD AND E. K. WARBURTON
Brookhaven National Laboratory, Upton, New York?

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

SCHWARZSCHILD & WARBURTON
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F1G. 5. Recoil method of measuring lifetimes of e xcited states.



The Recoil Distance Doppler-Shift Method

(RDM/RDDS)
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The Recoil Distance Doppler-Shift Method

(RDM/RDDS)
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Figure 5.11: Coincident plunger spectra gated on the 10¥ — 8%, 335 keV transi-
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If the lifetime o 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 !l i.e., have nucleus slow to do stop ina

backing.

We can use the quantity
F() = (Vs/ Vinax)-

E.(v,0)= Ex(1+Y/. cos (0)) (for v/c<0.05)

Measuring the centroid energy

of the Doppler shifted line gives
the average value for the quantity
E. (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(t) = fractional Doppler shift.
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Lineshape Analysis.

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 d|s1'r'|buhon of the recoils
as they emit the gamma-ray. S —
NENN: s

dN(t) = —exp | —— | dt ANEERRE T
T T J‘W =AM

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, 7.
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)
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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(t)
curves for bands of fixed Q, values
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