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Introduction

* Atom:
m(n) = 0.939565 GeV/c?

| electron 1 (p) = 0.938783 GeV/c?
(%) @ neutron
~ protron
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 Fundamental interactions:

Strength

Stron 1 ~10-14 m
Weak 104 ~10®m
Electromagnetic 1/137 o0
Gravitational ~10-38 00
* Energy
""" bindi o6
. 7? . + binding energy o6 Fe30
T i
.’" T 2 26*m(n) + 30*m(v) = 52.595 GeV/c?

Nt | -

L f é x - 3 fm ~1% of total energy
1 | S| ! M
m(°6Fe) = 52.103 GeV/c?
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proton  neutron



Introduction

BROOKHIAIEN
NATIONAL LABORATORY

nnnnnnnnnnnnnnnnnn

~3000 known nuclei, both natural (228) and artificial
7000+/- 500 current estimates for bound nuclei

Boundaries of the bound nuclei are not defined yet




Introduction

The Experimental Probes

REACTION DECAY

Fusion evaporation, Fragmentation,
Fission, Deep inelastic scattering Energy
A

Inelastic and elastic T
1/2

scattering
Knock-out

Gamma spectroscopy

|n

AY

Ul

Few-nucleon I Radioactive decay
transfer

MIXAP) coulomb excitation

Laser
spectroscopy

B - Mass spectroscopy




Introduction

fission

VN

, weak and electromagnetic forces

at work in a’r\i clei, decay propertie

4 interactions:

-strong: acting btw nucleons, keeps nucleus bound
-weak: involving presence of leptons
-electromagnetic: btw charged particles/y rays

=> Gravitational : usually neglected owing to small
masses involved



Introduction

Decay modes
adecay: 49X — 47V + «
B~ decay: 24X - ZjY + e ~+u,

Brdecay: %X — 7z 1Y +et+y, t

: A - A
EC‘ ZX _|_ e — Z_ly ‘|‘ UB Z+ B-\
Spontaneous Fission e
: ¥
Exotic decay modes: n decay R -
p decay .

cluster emission

N



Introduction

The Nuclear Chart: Radioactive Decay Modes

Spontaneous fission
o. decay:

A A-4 4
ZXN — Z—ZYN—Z T ZHeZ

stable nuclei

-rich nuclei

B* decay:
p—>n+e +y.z

neutron-rich nuclei



Introduction

Useful definitions for decay:

Law of radioactive decay:

N(t) = Nye™
s decay rate
= 21/\ meanlife T”g
'|'1/2 =n2 * 1 hC(If-Ilfe A
Radioactive
half-life

Qualue = Miitial = Mfinal

_In2 0.693
A A
N
Radioactive

decay constant

=~ (.69371
/]

Mean
lifetime

Branching ratio: decay probability of two or more competing

processes

Mother/Precursor == Initial/Emitting nucleus
Daughter/Successor = Final nucleus



Introduction

Bateman equations: mathematical model describing abundances and
activities in a decay chain as a function of time, based on the decay
rates and initial abundances.

If at a time T, there are N,(t) atoms of the i-th isotope which decays
into the i+1 one with a decay rate A;, the amounts of isotopes in the
k-th step of the decay chain evolves as:

) = —A1N;(t)

dt
dN;(t)
TR —AiN;(t) + A;—1N;—1 ()

AN (t)
dt

= Ag—1Ni—1(t)

This can be written in an explicit form as:
n —At
N;(0)e "
wior=] 3375 (o
" . ! 7 . < g=1,p¢j(/1p o /1j)

This can be extended to cases in which we have many branches

H. Bateman. "Solution of a System of Differential Equations Occurring in the Theory of Radio-active Transformations," Proc.
Cambridge Phil. Soc. IS, 423 (1910) https://archive.org/details/cbarchive_122715 solutionofasystemofdifferential843



https://archive.org/details/cbarchive_122715_solutionofasystemofdifferentia1843
https://archive.org/details/cbarchive_122715_solutionofasystemofdifferentia1843
https://archive.org/details/cbarchive_122715_solutionofasystemofdifferentia1843
https://archive.org/details/cbarchive_122715_solutionofasystemofdifferentia1843

Introduction

Secular equilibrium:
The rate of production and decay of an element is constant

It can be achieved in a decay chain if the daughter B has a much shorter
half-life than the mother A
The decay rate of A, which is translated into the production rate of B is

constant

The quantity of B accumulates since the number of nuclei which decay in 1s

if equal to that produced in1s.

This depends on N,(1=0), A, and A,

 Uzzs
dN .
N L _?1 = 4N,
‘,/
Tho34 L
N,
, I
_aN, N
dt -
Paz34
N;
[
~ dN, _ N,
| dt ]

Each member of the family is a
dewar. They are connected and the
fill each other in chain

The rate of emptying (-dN/dt) are
function of the level in the dewar N
and the decay rate A

At equilibrium the rate of
evacuation in each dewar is equal

In nuclear physics rate of decay is
the Activity and depend on the
decay constant A

At equilibrium all activities are equal



Introduction

Detecting a By particles: reminder of basic properties

o particle: massive, charged g
= interested in energy, angular distribution '“
= spectrometers, Si, plastic detectors

B particles: light, charged
=> interested in energy and correlations

. . Incoming Main e- track
= e* annihilates into two 511 keV y rays radiation W e

Bremsstrahlung

= spectrometers, Si, Plastic detectors ‘2\
y particles: massless, neutral I |
= interested in energy and angular distribution: * = s S
. . . o n ]
= HPGe detectors, Organic scintillators A S —
. "__phoToele¢tric

o & —
bramaatrahiuing

!
)
oy
&g —
Ge=deciron
L |
A Nl
{ W _r-\.i.u -‘1-'1’1
L M " ) '-ﬁ
n - - - n GAplund ploalan
racoil W —=, |
protom



Introduction

Example of detailed study of a decay:

1) Produce and Identify PARENT nucleus: reactions/ISOL/fragmentation

2) Detect the decay: identify the emitted particle o/
identify competing mechanisms
identify decaying state, g.s. or excited
measure half-life

3) Study properties of DAUGHTER nucleus:
which levels are populated
Branching Ratio btw levels
subsequent decays

Ti/2 A
Qvalue Z"N
%P, %a ...
p- decays
\ 4
\ A 4

I, logft



Introduction

Producing radioactive beams

relativistic fragmentation/fission
of heavy nuclei on thin targets

> 50 MeV/u = production of
cocktail beams of many nuclei
Use of spectrometers to
transport/separate nuclei of
intferest
=> Relatively long decay paths
At > 150-300 ns
Nuclei are brought to rest in
final focal plane and let decay

+ cocktail beam: many nuclei at
once

+ both short and long-living species
+ get information already with few
particles

Low cross sections
Limitation on rate to distinguish
contribution from each species

ISOL method,
spallation/fission/fragmentation on
thick targets, followed by
chemical/physical processes to extract
desired nuclei

« beams produced at very low energies
(60 keV)

*  Mono-isotopic beams sometimes
achieved. Impurities due to few
contaminant species = usually long-
living though

+ high cross section

+ no need to re-accelerate beams

+ high rates accepted

- short-living species might not be
accessed easily

- Refractory elements

- Presence of long-living impurities

(isobaric contamination)



Alpha Decay of a Uranium-238 nucleus

Parent nucleus & He
emitted « particle

n:lal:ayr H"“"ﬁ-
“ou

Daughter nucleus

1k




General Properties of o decay

29X - 475V + «a

One of the first discoveries in modern physics:
1908 Rutherford shows that emission of

radiation is made of nuclei of4He.
Q=(Mx-My-Ma)c?

Ey (MeV)
No o emitters with A<146:
A< 140 Ea<O : no emission
140<A<210: Ea<3 MeV:decay
possible but not probable
A>210 spontaneous decay

263
H stabie Sg
CHp+
- Dominance
P of a decay N % ;
il
SF
nnnnnnn i=82
I .J . N=126
105 P
_.;'_l' :
P
I"- . “N-8
ol
1B T L
7=20 - Yo Region of natural
errl ' decay series
= 1 Un-28 5Be
N=8

‘He:
2p + 2

&

|
n b

Artificial isotopes >Pb decay by
o emission

Exceptions: 8Be %Be 162Gd, 174Hf
N-poor with Z=60-80, very
short half-lives (s-ms)



General Properties of o decay

Geiger-Nuttall formula:

In A = A+B In E =» the higher the energy the lower the T,,,
InA =a+ b InR, R=E" is the range of o particles in air

E+4-9 MeV

Egs: 218Th Q = 9.85 MeV, T, ,= 107 s
232Th Q= 4.08 MeV T, = 1.4 100y

Phenomenologic rule, can be explained by quantum mechanics

Geiger-Nuttal formula
explains why o decay is not

seen for Q<4 MeV
. years '-:-. "‘:j' | ‘
. AR Large Q>
= 1 hours SRR .
S 2 NN large difference btw X and Y
of S90S /AN NP X more unstable

X decays faster



General Properties of o decay

Q (Me¥)

Regular trend forZ:>89
for a given Z: Ea 1 AT
for a given A: Ea T Z7

I [ S| YRR L |

170 180 190 200 210 220 230 240

Massrumber A

Dependence of Q(A,Z) starting from semi-empirical mass formula:

Q=28.3-4qa, +8/3a, A3 +4a, ZAV3(1-Z/3A) -4a,0n(1-2Z/ A)?+3a, A7/4



General Properties of o decay

Theory of the emission of a particles: o particle pre-exists in the
nucleus and has to overcome the Coulomb barrier

Energy

Alpha particle
cannot escape
(classically)

B

_~Fotential energy of

alpha particle

Alpha particle cannot
enter (classically)
T Kinetic energy of
alpha particle

Ry

Classical description
HEIGHT of the barrier

Energy
A

Wave function of
alpha particle
fy |'"|I I"!I Il'lI II'II II'_
|

LDEOE+E - = = _NW
-".JII-"J I'ul v Il.r

Quantum-mechanical description
WIDTH of the barrier

b o V3T
Uy ~ €
incident plane wave V(x)
) T
| &7
- i | — ki =ks= 1.” N
! T - T s
I | \ ik ——— — —
{ 2T A Il\ _// iz~ e

VT

I /
==l : 1||'

[2m(Viz) —T)

hz *=2




General Properties of o decay

(=

— > — Semi-classical approach:
L =fP f = knocking frequency
P = probability of fransmission
thr. barrier
F ~ v/a v= velocity of a particle in DAUGHTER
hucleus (K~Q)

Egs: K=8 MeV, v~107m/s f=107/10-14 = 102!/s
if P=10-29 )~108

We can consider the Coulomb barrier as a series of infinitesimal
rectangular barriers
The probability for penetration of each infinitesimal barrier is:

2m
dP = exp(—2dr F(V(r) - Q))
Or P=e-26 where G is the GAMOW FACTOR

6= |2 V) —Qdr



General Properties of o decay

Low momentum approximation:

2 : .

1 5 zle Particle energy lower barrier
Q =-mv* KL

2 4T[EOR

B2Th (1.405E10 y)
2 W,
~ zZe O ST
G = vm
4megR

That is

Gocz\/E
Q

Then ) = fP, P=e-2¢

Half-life (s) for alpha emission

And logA = 57 — 1.7Z\/%

Alpha energy (MeV)

Approximations:

* Probability of pre-formation
« Fermi golden rule

* Only decay from and to gs

* Spherical symmetry, no deformation = usually not true
 Angular momentum



General Properties of o decay

‘He:
2p +2

I=0, n and p coupled into pairs
Total ang. momentum is only given by orbital component, la

For | > O one needs to account for
V=V +V, centrifugal barrier

2mr? Ji=Jf+Ia
Conservation of parity, depending on la
Conservation of isospin I

O Conservation of angular momentum

Alpha decay is sensitive to specific shell-model orbitals:

*Strong Q value dependence favours population of low-lying states

* Formation probability is sensitive to overlap of initial and final wave
functions



General Properties of o decay

« Observables for o decay are: Ea, Ia, Ty, ,BRa branching ratio
« A decay can occur either from gs or excited states and decay can
be fragmented onto several excited states:

FINE STRUCTURE of o decay
« Decay from each nucleus has specific a lines

’/ }
s

“Pa

iy

I_el

o spectrum measured in
a Si detector

Connts ! 10 e




PHYSICAL REVIEW C 89014324 (2014)

B-decay studies of neutron-rich T1, Pb, and Bi isotopes

Fragmentation reaction of 23U @1GeV/u on °Be target .
Population of isotopes "north” of 208Pb

Cocktail beam

o tagging fo measure new half-lives
A.I.Morales et al.
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w7 12N l.l.{l Vo T
T | ,It’ \ wosicat o e
e s y ICORI R
"o i Implanted
ions
a tagging allows to follow the decay chainup ...
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General Properties of o decay

Observables for a decay are: Ea, Ia, Ty, ,BRo branching ratio

Formation probability, expressed as reduced o width:

_ hin(2)b,
~ Ty/2100P

2 P barrier penetration probability

If the decay occurs to many levels in the daughter we can define the
HF (hindrance factor) to the excited state o, relative to the gs o, as:

And HF is sensitive to changes in spin and parity btw

_ la1Paz o .
HF initial and final levels

Ta2Paq

In Al =0, O+-> O+ transitions HF+0.5-85

y ' o decay can be a complementary
b b : tool to study low-lying O+ states in

8 0

even-even nuclei
- Applied to the region above 2%8Pb
where shape coexistence is
predicted

Potential Energy Surfaces in (B.y)
plane show presence of competing
minima

01 02 03 04 05 01 02 03 04 05



A. Andreyev et al., Nature 405 (2000) 430

a decay as a fingerprint of deformation

letters to nature
zero statesin the atomic nucleus '®Ph

A triplet of differently shaped spin-

PES calculated in Woods-Saxon approx.
B,= elongation along symmetry axis

185Pb v= degree of triaxiality
Three competing minima .
Three O+ sfr)a’res9 g.s. spherical oblate prolate

A

190Pb populated in fusion- |
evaporation reaction = large bg i I Ry
owing to open reaction ch.

Energy (MeV)

SHIP velocity filter separator

Bzcos(y+30)
DCTZCTOI" array: . . Backward Si detactors PSSD Ge Clover detector
PSSD Si det. for ion-a. correlations I
6 Si for conversion electron P
HPGe for a—y correlations "%0Pg recoil (1) adih

(2




a decay as a fingerprint of deformation

A. Andreyev et al., Nature 405 (2000) 430

Measurement of a particles with energies corresponding to

different low-lying O* states, T,,, and HF

HF=> can be related to single-particle =»Nature of the levels

2,000

1,500

1,000

500

Counts

181g

5 L Fo

(W] 11 I L 'II_II I'Il1ll 1 | I A P

&, 500 8,500 7,000 T.200 7400 T.600
Eyx (keV)

191'r|Bi
G876

[_Rccnil-.:c AT{Recoil-c1<12 ms

e m—— e

P

|| 7533

1H s
BBm BI. 191m.g F"CI
\ | ]

Recoil-z-e~ 12 = AT(Recoil-it) < 24 ms

4pdn
2p2n

"Po gt ggen

a4sEms PN
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General Properties of o decay

Radioactive families:

1)4n: Th series
2)4n+1: Np series
3)4n+2: U series
4) 4n+3:At series

defined by specific energies of a decays

Heavy nuclei have neutron excess, but
with a decay they lose in percentage
more protons: daughter nuclei are
beta emitters



SHE

o decay tagging

One important application is that of a decay tagging of the decay

of SHE nuclei

Limits of stability of nuclear systems with very high number of

proton is not well defined

152 162

184

=>N

Very low production cross sections

Very low count rates
Long experiments

To recognize the decay
from an unknown
nucleus one follows the
decay chain down to
known cases

E*= 35 MeV 12ms P2t
1 event - | 17
°-$203: 250 ] 10.81(10) MeV

11.00 MeV
2498k +48Ca % 115 ot

9.95(40) MeV
O 113 |10.23 MeV

282 9.63(10) MeV
9.56 MeV

E*= 39 MeV
278 | 9.00(10) MeV 5 events

—
oL ! Mt | 9.43 MeV f; rmn: o
9.55(19) MeV o L 117

9.14 MeV 0.32s 11.03(8) MeV
0.22s |*% 11.26 MeV
8.80(10) MeV o, B -

Db | 8.43 MeV 79s

0.31(9) MeV
10.48 MeV

TKE=219(5) MeV 3g8s [l281 |8
| 9.48(11) MeV
a2l 9.96 MeV

Fy F
TKE=218(5) MeV



carbon-14 nitrogen-14
nucleus nucleus

electron  antineutrino

+ © + @

B-decay

neutron proton




AAAAAAAAAAAAAAAA

Most species decay via § decay
Properties (half-lives/
branching ratios) help define
nucleosynthesis formation

- paths

R-process basics: Element formation beyond iron involving rapid neutron
capture and radioactive decay

High neutron density

B-decay

ﬁ

Waiting point
(n,y)-(y-n) equilibrium



4X > ;Y + e ~+y, P~ decay -

Z+]

4X > , 4y + e t+y, P*decay :

Z-1

2X+e > , Y +v, EC

22

B decay is a weak interaction "semi-leptonic” decay

The quark level Feynman diagram for p- decay is shown here:

T, = 14.28 days
=171 MV

ﬁ Q
e e, >
W'v

Neutron decay 32
S

via weak 1
interaction
udd B i B ]
A neutron in et The decay process ¢ IN o |F
39 n maves the phosphorus ——m— 7

157 dBCRYS ek interaction nucleus up one step in |Si_|P+S |Cl

by Wweak converts a down quark e Periodictableto it A e Iy

interaction. o an up quark, changing SUITU"-
the neutron to a profon.




The Q value in B decay is effectively shared between the electron
and antineutrino.

This is the case of gs-> gs decay —

Q valuefor 5~ decay is It o

Q, = (M(A,Z)-M (A, Z +1))c? ummw«mmm

Qﬂ Sum of the energy of the electron (positron) and antineutrino (neutrino)

+T,+T, =T, +T, (sinceTM <keV)

Qﬂ‘ - TM (A,Z+1) (A,Z+1)
Qﬂ_ = (T )max = (T )max If the other term is null

Q,- =M(AZ)-M(A,Z -1)-2m,c*

For electron capture:
Qpc = (M(A,Z) —M'(A,Z — 1))c? — B,
B, binding energy of n — shell electron

NB: EC and B+ are not always competing:
if B+, EC is possible, the contrary is not guaranteed

Note these are atomic masses




— Lm
=1, +L,+S,

_ I
L=l syt o
Ly S, =S. .. .+S- :{0 [
77w =(-1) B=p-(p+) T3 1 Lortt
Ly = ndefines the degree of forbiddenness ()
allowed forbidden

when L=n=0
" when the angular

and  mme=+1 momentum conservation
Electron and neutrino do requires that L,= 71 >0
not carry angular and/or mme=-1
momentum

Al =[1-1,][=01




Type of transition Order of Al T
Selection rules forbiddenness
for possible
Allowed 0,+1 +1
decays
1 +2 -1
Forbidden unique 2 +3 +1
3 +4 -1
4 +5 +1
1 0, F1 -1
Forbidden 2 +2 +1
3 +3 -1
4 +4 +1
Classification of allowed decays (7Z'i7Z' F= —I-l)
Fermi
0+ Gamow-Teller
: E, O+j
O+ Eb
1+
Al =[1-1|=0

L,=0 S,=0JT L,=0 S,=11Tor A

Al =|1 -1 ]=1




Useful empirical rules

The fifth power beta decay rule: the speed of a B fransition
increases approximately in
proportion to the fifth power of
the total transition energy

T\ ~[(M(2)-MZ D)

[ depends on spin and parity changes between the initial and final
state

[ additional hindrance due to nuclear structure effects :
isospin, “I-forbidden”, "K-forbidden”, etc.




Fermi Golden Rule

Treat beta decay as a transition that depends upon the strength of coupling
between the initial and final states
Decay constant is given by Fermi's Golden Rule

2
Ag =%\M “p(E( )M = [y Vydv

>Electron and neutrino do not pre-exist in atom but are formed at the time
of decay

=> The decay is the result of the interaction btw the nucleon and the field
produced by the electron-antineutrino couple = weak interaction

« Perturbation theory can be applied since the interaction is "weak"
* M matrix element which couples the initial and final states

* Rate proportional to the strength of the couplin? between the initial and
final states factored by the density of final states available to the system
electron-antineutrino

V=g 5(r,-r)3(r-r) g is the “intensity” of the interaction
There are two values: gr e gg



t=TA = Tlt/e)é partial half-life of a given - (B*,EC) decay branch (/)
12 —

Pﬁ i

In2 ¢’
T, 2x°

J;W peWe (VVO _We)2 F (Z ’We)CndWe

g - weak interaction coupling constant
p. - momentum of the B particle

W, - total energy of the B particle
W, - maximum energy of the B particle

F(Z,W,) - Fermi function - distortion of the B particle wave
function by the nuclear charge

C, - shape factor
Z - atomic number

K =64z"m>c*g*/h’ /IZIn_ZZK‘M”‘z

0
tl/ 2

jF(z WOW (W2 —1)Y2 (W, —W )2dW




Comparative Half Lives

Based on probability of electron energy emission coupled with spectrum
and the Coulomb correction f 1/, is called the comparative half life of a
transition

2m3h7 ¢3
T=—
9% M2
Assumes matrix element is independent of energy (true for allowed

transitions) Yields ft (or f,t;/,), comparative half-life may be thought of
as the half life corrected for differences in Z and energy

ALLOWED transitions second term is independent on nucleus,
=> ft has the same value for all allowed transitions
For forbidden decays ft increases with degree of forbiddenness

150

Allowed transitions

150
Forbidden transitions

" Review Of Logft Values
- iy In B Decay’

i ug’

o oF

° g
- .
L
S \ s
-
2
— g
5
2
-
B
fassy

Nuclear Data Sheets 84, 487 (1995)
Article No. DS980015



Measuring logft

Superallowed Gamow-Teller decay of the
100 Sn

Nature 486, 341 (2012)
doubly magic nucleus

1005n N=Z=50

Heaviest N=Z nucleus Relativistic Fragmentation reaction

124X e beam on °Be target

1005n setting (15 days '?4Xe beam)

¢ e e e 7 ~2601005n nuclei produced (0.75/h)
o\ e i@ A~ 126 fully reconstructed decay chains

14
12

. ]
£ 104 ]
g oh 1
b {
Q

0 500 1,000 1,500 2,000 2,500 3,000 3,500

Time (ms)

|
Figure 2| Time distribution of first decay events. The histogram shows the
observed time distribution of all first decay events in the nearest-neighbouring
pixels after implantation of '™Sn nuclei. Decay curves resulting from the MLH

- 100gn analysis are shown individually for 'Sn (dashed) and its daughter nudeus

“In (dash-dot). The solid line shows the sum of these decay curves and takes

- Allowed Gamow-Teller 0 «— 1 into account a small amount of random background.
Allowed, not 0 — 0

Superallowed Fermi 0 — 0

40 1

30 5

20 1

Counts per 120 keV
(= I R -

T T u
1,000 2,000 3,000
Positron energy (keV)

o

l}’i‘gure 5 | Distribution of the positron energies emitted in the f-decay of
1905, The spectrum contains only decay events that can be assigned to 10060
decays with a probability of at least 75%. The MLH fit was applied to the region
between 400 and 2,600 keV, which is indicated with markers. The solid curve
illustrates the shape of the best-fitting single-component [-decay phase space
4 g G 7 g g 10 function determined by MLH analysis.




Superallowed decays

Standard model description of the mixing btw quark flavours:
CKM (Cabibbo Kobayashi Maskawa) mixing matrix

dr Vie Vs Vsl 7/d (0.974 0.225 0.003]

(5’ = Vcd VCS- Vcb S = U220 0.Y73 U.U41

b’ 0 : i
Vi Ve Vo b 10.009 0.040 0.999 |

Quark Quark

Weak Mass

states states

CKM is a unitary matrix. If not there is physics beyond SM
To test this we concentrate to the first line, which is known with
greater precision

Z Vui2 = \ Vus2 F Vub2 =1
L /

Vud from j decay Vus from K meson
Known with highest decay: Vub B meson decay

EPQZ'.S'OYL K*-> 0e*y small contributions
eading term



Superallowed decays

Test of fundamental symmetries of the weak interaction
1) Verify the Conserved Vector Current hypothesis:

Gk is independent on nuclear interaction
1) Determine the Vud element

Pure leptonic decay Semi-leptonic decay

/ u //'
IJ._ W— — al _Lﬂ_\f\/\\_ﬂh_ﬁj' :

, ——JV ;i F____—*F—_'_ __‘——4--—__.___
_?_ i f

\,;:;‘ e , >
""-\.._‘_‘ e_
G, = Gf F1 o (GFUud)‘E

Vud extracted with different decay studies:
most precise value is given by superallowed Fermi decays

9780 ! ! ! !
Type of study Vud
T + . it 07 A0 (907 Vud
07 — 07 transitions 0.97425(22)
. _ ¥
Pion decav 0.9725(30) 3740
Neutron decay 0.9746(19)
' = 1/2 mirror transitions 0.9717(17)
9700k 1 | |

nuclear neutron nuclear pion
ot—+o0* mirrors



Superallowed decays

Superallowed 0* = 0* decay between T=1 analog states depends uniquely
on the vector part of the weak interaction and, according to the Conserved
Vector Current (CVC) hypothesis, its experimental ft value should be
directly related to the vector coupling constant, which is a fundamental
constant, equal to all the transitions.

The expression for ft includes small correction terms,

which account to 1% of its value. It is therefore convenient to define a
"corrected" Ft value:

Ft = ft(l + 6,R)(1 + 6NS — 6C) S

Transition dependent Transition independent
in CVC hypothesis

Being: f statistical rate, t half-life, 6=6, vector coupling constant for
semileptonic weak int.

d'r, Ons and Ap are radiative corrections,

d¢ is an isospin-symmetry breaking term.



Superallowed decays

Quantities to extract
experimentally are:

Half-life

Branching ratio with different
transitions
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14 transitions 8 of which with
uncertainties lower than 1%




Superallowed decays

1 Q-value £ 8,

wnal Bhoie 8% | Weights of the different contributions
to the uncertainties in the

Fractional uncertainty (%)
s o
8 8

measurements
¢ “C O mﬁ:'kl *cl m'“K "éc”\; "’"Iu;n“C;
Parent nucleus
0.975 t
Evolution of the precision in the Vi ; ;
determination of the Vud values in 0974 ¢ { * |
past 30 years
0.973
1990 2000 2010

Date of analysis

* Improved productions and separation of beams

=> lower bg conditions

>higher statistics allow for exclusive measurements
* Simulations help to define properties of detectors
* Definition of goal-standard in data analysis



Exotic nuclei with excess of neutrons have
different Fermi energies for nand p

Allowed decays might not be possible owing to
large mismatch in wave functions

neutron-rich nuclei

First forbidden fransitions play a role

208pp

m=-3pr2 —
T=- 3p3r2

m=-2fs2 — J _ 4dsip =+
-
j\
j

3daz T=F
2972 =+

=+ lizz — 3ds2 T=+
n=- 2fi — ljis2 TT=-
m=- lhon — liue U=+

2092 U=+

TT=+3S1/2 126 3ds3n2
TT=+2d32 - 82 J
TC V




Evolution towards the n-rich side:
Qg_ generally gets larger while Sn gets smaller Qg

kew

Conditions for B delayed neutron emission L
ZRE+4 -ZERIE+D
D3E+4| -E2BE+2
1.7TE+4 TRTE+3

1 EIE+4 Q-1 DEE+4

TIEE+4 -1 21EHS

1.00E+4 1 ETE+4

TAZE+I -1 EIE+4

4 B1E+3 Q-2 DEE+4
IE+I -2 4E+E

ABE+4  BE2E+2
D8E+4  THIE+2
183E+4| G20E+2

1.T8E+4 BR4 ERE+2
1 GOE+4 Q2 SRE+D
1.53E+4 2 2BE+2

1.40E+4 o T1E+2

N,Z Z+1,N-1 Z+1,N-2 L
12TE+4 -13TE+Z

Precursor Emitter Final Nucleus JF‘AI‘
1144 B4Es2

Eﬁ unknewn

SW(E;)f(Z.R.Qu—E; .
% AEMZ.R.Qp—Ey) 2 neutron emission competes and can

Pu=g, dominate over y-ray de-excitation
> Sa(E;)f(Z.R.Q3—E;) The process will dominate far from stability on
’ the n-rich side:
Qg increases with A
Pn = gives info on decay above Sn = stringent
test on B-strength function




Impact on r-process abundances

During , Freeze-out”:
detour of B-decay chains
5 r-abundance changes

) MMM

Abundance

During , Freeze-out™:
enhancement of neutron flux
5 r-abundance changes
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“pandemonium effect” - neutron rich nuclei -

Quantities that can be extracted in a B decay experiment

v transitions

Possible existence of
many decaying states

v—y coincidences=>
level schemes
Relative intensities I,
logft

020 3s5zms
SInn

Qg 14.5(9) MeV
Ip (%) Jogft E 19.9(17) ms
J34 Ro(D = 3285
Q; 17.(9) MV
RS £17 L H0E5
S Lo () logh
28(3) 500008 @) 22 1386 snn ann 40 2 -
iR 5500 EL]; 1 em . 120 ;
<IN ':"4_0 - *
%Fe Fa

Selection rules allow to
suggest/define I" in both
mother and daughter

log ftis a just upper limit



Real situation

Y2
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Pandemonium effect

B Si(Li)

A
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Apparent situation
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A
7

Ey Ey,




ZAN
B- decays B- decays
!
vV
)
RAAAAA S
74N
24N

* HPGe detectors are conventionally used to construct the level
scheme populated in the decay

= Higher Qvalue higher possibility of missing feeding

‘From the y intensity balance we deduce the p-feeding

Pandemonium effect implies

=> Wrong definition of gamma feeding and branching ratios
I; and logft



Measuring 8 decay

y-ray spectrometer
Fragmentation

fission _
Relativistic l RIB dearad B
heavy egrader E
stable beam T
E E
magnhetic spectrometer — Particle ID
Be target Active stopper

Fragmentation facility

radioactive atoms
transferred to

ion suurc;ﬁ ion source

driver -
accelerator T
production light-ion or

" i heavy-ion beam

Plastic B
detector

Implantation
@) point .

Decay
point

ISOL fGCIIl"'y Tape dCCCly stations IDS @ CERN




: Examples

Part ITI

PHYSICAL REVIEW C 87. 045502 (2013)

Improved half-life determination and B-delayed y -ray spectroscopy for ®Ne decay

Evolution in the precision of half-life measurements, example of 8Ne

18N€

T,= 1.66 s

N\

18F

T, = 109.7 m

\

180)

ISOL technique:
Protons @500MeV onto SiC target

18Ne + 18F contamination
2x106 ions/s vs 2.5x107 ions/s

Setup SCEPTAR+87 gamma spectr. .\g |
@TRIUMF (CANADA) + Tape system '

* Scintillating Electron-Positron Tagging
Array (SCEPTAR) consists of an array of
20 thin plastic scintillator beta detectors
that surround the implantation point of
the radioactive ion beam

* 8n array of 20 high-purity germanium
(HPGe) gamma-ray detectors that
provides high-resolution measurements of
the gamma rays emitted from excited
states of the atomic nucleus.




: Examples

Part ITI

PHYSICAL REVIEW C 87. 045502 (2013)

Improved half-life determination and B-delayed y -ray spectroscopy for ®Ne decay

Activity curve for 511 keV line:

Accumulation/decay:

Composite curve since it has :

contributions from

18Nle +18F + constant bg

T

“Be Ty = 108.73(2) min

FIG. 1. Decay-level scheme of ®Ne.
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Gating on a specific y line of the
daughter nucleus cleans the
spectrum =» only contributions
from wanted decay

Evolution of precision of T;,, meas.:
« Better reduction of contaminants
« Higher efficiency and selectivity
* Faster electronics
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IH(39K, 2n)38Ca reaction on a LN,-cooled hydrogen gas target with 30A-
MeV 3K .
Ejectiles mass separated
Implanted on aluminized Mylar tape of a fast tape transport system.

1-mm-thick BC-404 scintillator to
detect p particles, and an expecially

calibrated 70% HPGe

az8

3 N
0

Counts per channel

511

E1+1H

1568

E+1688

1000

Energy (keV)

2000

azZn

Careful determination of j3
and y efficences

Branching ratio is defined as:

Ng &
By =8
Ri= 2 3)
" Npe, g,

where N, is the total number of -y coincidences in the y;
peak; Ny is the total number of beta singles corresponding

6742 0%1
38 444 ms
Eﬂ{:ii1l
3978 0¥ 0.1%
3341 o 0.3%
1698 150¥ 19.5%
458 10y 2.8%
130 01 T7.3%
o], et/ 924 ms
38 o
‘f 19'(19
89 .97%



Exotic decay modes: Rare decay modes

Proton emission: * emission from both gs = direct emission
* emission from excited states
> delayed proton emission

Direct emission * usually in competition with B decay *:
Ep small: nucleus decays via  decay
Ep big: T,,,(p) very short and p cannot be detected

Typically seen in Z~50, Z~80, con 1012 s<T,,,(p) < 0.1 s

Is again described as a decay Delayed emission if p is
as a tunneling through barrier emitted after § decay =2
Here centrifugal barrier is very competition with y decay
important
v /v/ [
7 | / b4
S L
72Ny




131y can decay via
* Beta decay \\ | ]
« Proton decay \ N
* B-delayed proton emission R L U

80 85 70
Nuimero Atomico Z

?INa decays p from gs
An isomer can proton decay into 2°Ne




2 pr‘OTOn emISSIOH BO 2<0/1z1.N)

70;- (2N) 0,0
6o @2
Unbound even-Z nuclei g _t
Described by eg. Di-proton model: |
The 2p leave the nucleus correlated in 2 “f gy
as wave s |

e 2py drip line

Recent predictions show that there 2";“
are numerous examples but soon start  *f 4

------ experiment 2013

known e-e nuclei
®  siable e-e nuclei

.. ' H
deviating and become not accessible S B
exp ) Neutron number
a (b |
k TMnep
e

Figure 1 Two-proton decay from “*Fe. a, One-proton decay to *Mn requires energy input and is not a possible
outcome. In two-proton decay to “*Cr, two protons share a kinetic energy of about 1 MeV. b, A “Fe ion enters the
sensitive region of the chamber from the left, stops in the gas and emits two protons — seen as a V shape.

wee k ending

PRL 110, 222501 (2013) PHYSICAL REVIEW LETTERS 31 MAY 2013

Landscape of Two-Proton Radioactivity

E. Olsen,* M. Pfiitzner,”” M. Birge," M. Brown,'” W, Nazarewicz,' and A. Perhac'™



B delayed fission

180T - Two-step process
» 10 cases know (region around uranium)
B+/EC * Rare process: probability 10-# to 10-¢

Qec

180Hq / \deformation

« 180TI: T, = 1.1 s, 150 atoms/second, B-delayed fission probability is 10
« 180Hg (Z=80, N=100): expected to split into two °°Zr(Z=40, N=50):
— symmetric mass split

A. Andreyev et al., PRL 105 (2010) 252502




Cluster decay=>» very Asymmetric fission

Spontaneous emission of particles heavier than a:
14¢C, 200 24Ne, 24Mg,285i..34Si
Cluster are in general n-rich and 14<A<34

Can be described either as a generalized a decay or
as a very asymmetric fission

CLUSTER EMITTERS

with T, <10'"s

||||||||||
|||||
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= Green approx. for the §-stability
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Conclusion

3 out of 4 fundamental interactions are at play in the nucleus:
strong/em/weak

They determine the stability/instability of the system

They define the means for a nucleus to decay

More frequent decays are:
a decay = tunneling through barrier
=> heavy systems, 2 body process, well defined a energies
B decay = most frequent
=> weak interaction "semi-leptonic” decay
=> 3 body system, continuous emission spectrum
=> governed by selection rules
Spontaneuos fission = heavy systems, funneling thr. barrier

Going further away of stability line more exotic decays are
registered:

« P delayed emission of n, B delayed fission

* Proton decay and 2p decay

 Cluster decays.....



Conclusion

BROOKHIAIEN
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N
~3000 known nuclei, both natural (228) and artificial
7000+/- 500 current estimates for bound nuclei

Boundaries of the bound nuclei are not defined yet




