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~3000 known nuclei,
both natural (288)
and artificial

7000 +/- 500 current
estimates for bound

o Vo N Dt v

| alpha decay

. nuclei
stable nuclide .
beta*/EC decay Boundaries of the
| beta™ decay nuclei (driplines) are

proton decay not defined yet

spontaneous fission

neutron emission

B decay dominated by weak interaction and its properties directly relate to
fundamental questions:

* Properties of the neutrinos =» energy spectrum, double-[3 decay, sterile neutrinos
* Abundances of elements in universe = half lives and competing decay modes

e CPviolation, CKM unitarity

and applications:

* PET scanners

* Radioactive sources (science and medicine)
* Homeland security

* Nuclear waste



Introduction

Decay modes
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Introduction

Useful definitions for decays:

Law of radioactive decay:

N(t) == Noe_/lt

A decay rate
T=21/A meanlife
T,/ =1In2 * T half-life

Radioactive
half-life

QvaIue = I\/linitial - IVlfinal

0.693
— = 0.6937
A /1
N
Radioactive Megn
lifetime
decay constant

Branching ratio: decay probability of two or more competing processes

Mother/Precursor
=>» Initial/Emitting nucleus

N

Daughter/Successor
=» Final nucleus

Proportion of atoms left

Daughter

Parent

2 3 q
Time, in half-lives



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:
dN,(t)

dt
dAN; (D)
dlt = —A;N;(t) + A;_1N;_1(t)
dN (t)
dt

= —A1N.(8)

= Ag-1Npe-1(t)

This can be written in an explicit form as:

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

Introduction

Detecting a B y n particles: reminder of basic properties

o, particle: massive, charged 2

=>» interested in energy, angular distribution
=>» spectrometers, Si, plastic detectors

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

Bremsstrahlung

o . Incoming Main e- track
=>» e* annihilates into two 511-keV y rays MW

=>» spectrometers, Si, plastic detectors

v particles: massless, neutral
=>» interested in energy and angular distributions
=» HPGe detectors, inorganic scintillators

Neutrons: massive, neutral
=>» interested in energy and correlations ol

=>» measured indirectly via capture reactions
=>» liquid scintillators, inorganic scintillators

Y
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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 a/f3
identify competing mechanisms
identify decaying state, g.s. or excited isomeric state
measure half-life

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

T12 A
O~va|ue ZN
%P, %o ... g logft
B- decays
\ 4
\ A 4
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B decay is a weak interaction “semi-leptonic” decay

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

T, o = 14.28 days

) Q =171 MeV
e e,

R —
W
- -
Neutron decay 32 S
via weak 16

interaction

The decay process “In' a8 |E°
. moves the phosphorus C- o |05
BO8YS 116 weak interaction nucleus up one step in |Si P_-;»S Cl

by W™weak  converts a down quark e Periodic table to Eg As|se |Br
interaction. o an up quark, changing sultur.
the neutron to a proton.




* The Qvalue in 3 decay is effectively shared between the electron
and antineutrino.

* This is the case of gs-> gs decay : e

O value for #~ decayis Ok ‘.

0, =(M(4,2)-M(4,Z +1))’ Pl — i
() sum of the energy of the electron (positron) and antineutrino (neutrino)

Q, = TM(A,Z+1)+ +T,+7T, ~T,+T, (since T, (zay < keV)

Qﬂ‘ = (Te )maX = (TV )max If the other term is null
Q,. =M(4,2)-M(4,Z-1)-2m,"

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

NB: EC and 3+ are not always competing:
if B+, EC is possible, the contrary is not guaranteed

Note these are atomic masses




1i=1f+LB+sB

.

=l s gy tloo "
T = (-1)"™ Sp=Sp-p TSvn™ {? wor%
L= n defines the degree of forbiddenness (n)
allowed forbidden

when Ls;=n=0
when the angular momentum

and mt=+1 conservation requires that L ;= n >0

—(_ L
Electron and neutrino do not and 7=(-1)"

carry angular momentum

Al =|1

~1,|=0]




Selection rules for

possible decays

Type of transition Order of Al T
forbiddenness

Allowed 0,+1 +1
1 +2 -1

Forbidden unique 2 +3 +1
3 +4 -1

4 +5 +1

1 0, 1 -1

Forbidden 2 F2 +1
3 ¥3 -1

4 +4 +1

Classification of allowed decays

Fermi
0+
: Ey
0+
:‘]i—]f‘z
L,=0 S,=0T

L —OLS—JT¢OF¢¢

(7w =+1)

Gamow-Teller

Eb
1+

=1, =1




Useful empirical rules

The fifth power beta decay rule: the speed of a B transition increases

approximately in proportion to the fifth
power of the total transition energy

I; 1

245
\& o [(M(Z)=M(Z£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.

131

72+
636.99

636.989 keV y
(7.17 %)

512+
364.49

364.489 keV'y
(81.7 %)

131 32+
y r
54xe




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
27T . 12
fy =—=|M[ p(E )M = v Vy.dv

=>» 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 coupling between the initial and final states
factored by the density of final states available to the system electron-antineutrino



exp

[ = Tl'/Bé =172 partial half-life of a given 3 (*,EC) decay branch (i)
Pﬁi
In2 2w
=2 [ P, W F@ZWC,aW,
1/2

ﬂ,zln—zzK‘Mif

1/2

f

K=64r‘mc*g’ I h’

g — weak interaction coupling constant
pe — momentum of the (3 particle

W, — total energy of the [ particle
W, — maximum energy of the 3 particle

F(Z,W.) — Fermi function — distortion of the [ particle wave
function by the nuclear charge

C, — shape factor

Z — atomic number

£, = [ Fammwmw® -1 or, -wy aw



Comparative Half Lives

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

2m3h7 3

T=———
4 g% M |2

* Assumes matrix element is independent of energy (true for allowed transitions)
Yields ft (or foty/,), 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

1% Allowed transitions
Review Of Logft Values
. Forbidden transitions In B Decay*
WL e _ Nuclear Data Sheets 84, 487 (1998)
Article No. DS980015

50 4

Logft < 6.0 | i

~_¥

Il
~

%

g

g

a.

Logft > 6.0



Mismatching of parity btw ground-state neutron and proton levels PHYSICAL REVIEW C 95, 064304 (2017)

et . ' : [ [ ]
120!/ @ Different parity between nand p (B)

Decay of m Stable or long-lived nuclei
radioactive - Predicted as existed (KTUY05)
nuclei 100{ © Experimentally identified (-2014)

N

S 80 i Lt T -

£ :

= 5

c 60 —

S

"é p

a 40- —

55 The total B-decay rate can written as
v }\B = )\allowed + )\ﬁrst—forbidden
o T T T = Ap + Agr + N0+ AU+ @),
0O 20 40 60 80 100 120 140 160 180 200 . o
Neutron number N the Fermi transition
Gamow-Teller transition
first forbidden transitions L =0, 1, and 2
22/05/2023 beta-decay spectroscopy towards the r-process 17
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proton number

T. Marketin, L. Huther, G. Martinez-Pinedo, PRC93, 025805 (2016)

12— ———t— First-forbidden beta decay

110+
100+ ©
N [ .
. self-consistent microscopic description based on the Relativistic
| Hartree-Bogoliubov (RHB) model for ground state of open- and
oy closed-shell nuclei with
ol the proton-neutron relativistic quasiparticle random phase
ig approximation (pn-RQRPA)
I A
0 00y, M1
20+ GTTAff
10+
L L L L 1 L : 1 L o)
%0 20 40 60 80 100 120 140 160 180 200 220 240 1000 %0
neutron number N 100 90%
‘q“_) 80%
Q 70%
z 80 60%
. . I . . 50%
microscopic description based on Skyrme density functional, Z. 60 .
EFA applied to describe odd-A and odd-odd nuclei c 40%
Q 30%
4+
o 40 20%
ol 10%
20 | | | | 0%

50 100 150 200 250

Neutron Number N
E.M. Ney, J. Engel, T.Li. N. Schunck, PRC102,034326 (202

20-22/03/2023 G.Benzoni @ INFN-Milano 18



proton number

8888

e First-forbidden beta decay
110+ 1 -
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neutron number
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S — First-forbidden beta decay
110+

100
O ——

T
o

W infruder dominates
W Mied

Normal dominates
Unknown

M Unknown but predicted
isand

proton number
S8888388

100 ff
/\GT—{-/\ff

10F v(o)

0O 20 40 60 80 100 120 140 160 180 200 2
neutron number

PHYSICAL REVIEW LETTERS 129, 212501 (2022)
=

Crossing N =28 Toward the Neutron Drip Line: First Measurement of Half-Lives at FRIB

H. L. Crawford®,"" V. Tripathi,> J. M. Allmond,” B. P. Crider,* R. Grzywacz,” S.N. Liddick,”” A. Andalib.** E. Argo,** PHYSICAL REVIEW C 106, 064314 (2022)
C. Benetti,” S. Bhattatcharya,2 C.M. Campbell,l M.P. Carpenter,9 J. Chan,” A. Chester,’ J. Christie,” B. R. Clark,* I. Cox,’
A. A. Doetsch,** J. Dopfer,** J. G. Duarte,'’ P. Fallon," A. Frotscher,' T. Gaballah,* T. J. Gray,’ I. T. Harke,'"” J. Heideman,”
H. Heugen,5 R. Jain,** T.T. King,3 N. Kitamura,” K. Kolos,"” F. G. Kondev,” A. Laminack,” B. Longfellow,m R.S. Lubna,’

S. Luitel,' M. Madurga,” R. Mahajan. M. J. Mogannam,”” C. Morse,'" S. Neupane,” A. Nowicki,” T. H. Ogunbeku,*® B~ decay of exotic P and S isotopes with neutron number near 28
W.-J. Ong," C. Porzio,' C.J. Prokop,'? B.C. Rasco,’ E. K. Ronning,*’” E. Rubino,® T.J. Ruland," K. P. Rykaczewski,’
.68 B 9 . 5 B 3 2 2 6.8 . 4 5 - s v . . .
L. Schaedig,” D. Seweryniak,” K. Siegl,” M. Singh,” S. L. Tabor,” T. L. Tang,” T. Wheeler,”" J. A. Winger," and Z. Xu Vandana Tripathi®,!* Soumik Bhattacharya,' E. Rubino,! C. Benetti,! I. F. Perello,' S. L. Tabor,! S. N. Liddick >3+

P. C. Bender,” M. P. Carpenter,® J. J. Carroll,” A. Chester,>* C. J. Chiara,” K. Childers,>* B. R. Clark,® B. P. Crider,®
J. T. Harke,” B. Longfellow,>!" R. S. Lubna,? S. Luitel,’ T. H. Ogunbeku.® A. L. Richard,>® S. Saha,” N. Shimizu,'!
0. A. Shehu,® Y. Utsuno,'>'3 R. Unz,® Y. Xiao,® S. Yoshida,'* and Yiyi Zhu®
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120 First-forbidden beta decay

110}
j00b 0 20 40

‘oton number
8883388

/\ff

a4 100
L 10 (@p | )‘(;l+’\ff
E : E 1055 o !
Z A " N F 8
2] il R ‘g E £ 1 . GT+FF — GT+FF P (Z=15)
E 1011 ; g : [ S (Z=16) i —= GTonly 100 e Gl oaly, $eee- TS T
- . : na . ! e SGTEF — GT+FF

0 140 160 180 200 220 240 10 ¥ ' = T only —- GTonly
2 2 number o P@=1s) ! o PExp) _ i S (z=16)
c s ’E F o ! = S(Exp) 8 u S(Exp)
g b E 4 i <
£ £ & 0 : & 50
8 B T
8 8 j N i

= 0 N
" ° g S 5
£ F - &

E < ~ ey
210 2 ‘ | i ; . i i I
3 3 - > = : Y : (52 24 26 28 30 32 34
o o

10" . | 1
20 22 24 26 28 30 32

Neutron number (N) Neutron number (N)

9
2

< 1ol < The impact of FF transitions which can be important for neutron-rich nuclei in this
€ g . . A . .
B U ER AN region with neutrons filling the 1p3/2 orbital by comparing the measured T1/2 and
A M Pn values with SM calculations with and without FF transitions included.
FIG. 2. Decay curves in panels (a)—(h) for #4p, 42:435j 40417,
d 37-33Mg respectively. Th ts of the fits shown b . . . . . eye
i cieves e tie it e i Ine oML i e ieemicien « Pisotopes with N = 27, 28, 29 displayed a larger contribution from FF transitions
urveis th t decay, the dot-dash blue line is the f0n daught . . . .
oonte b on 1l 15 okt orsnesline e coniabation, in their B decay. For the case of 42P decay there are clear indicators of states
the dot-dot-dot-dash magenta line is the #2n contribution, and the . . . . .
dotted gray line is the constant background. The derived half-lives which could be populated in FF decay with log ft values consistent with the

are included in Table 1.

predictions of the SM calculations.

20-22/03/2023 G.Benzoni @ INFN-Milano 21



proton number

120 T T T T T T T T Y T T
110+

Q; = 18.73 (10) MeV

T,, = 47.1 (20) ms
P, =39(6) %

———————————————— S, = 6700(5) keV

FO¥

31 s T 58393)
6(2) S qypq' > 5494(3)
1.02) S ¥ 5146(2)
10(2) 5012(3)

® &

5 A PRI

1.3(5) A O S 3708(2)
2.5(5) \: 3 P 3582(2)
1.5(3) \ 3483(2)
4.4(15) (2:) : h 4 3003(2)
455 @H— 2724(1)

1

1 > [(—3 g

i N EE

1

1
s239) 2 L ¥ ¥ ¥ v V¥ ¥ v 93
o9 T

1

o & s h 4 0
I(%) 42
S

5.97(15)
5.72(15)
6.55(16)
5.57(15)

9.374
9.114
9.355
8.979
9.02

log ft

20-22/03/2023 G.Benzoni @ INFN-Milano

First-forbidden beta decay
—, O

Both the half-life and Pn value of 44P also indicate
influence of FF transitions. Comparison with SM
calculations of states populated in 42S in the decay of
42P both via allowed GT and FF decays suggests a Jit of
2- or 3- for the ground state of 42P contrary to earlier
suggestion of 0-.

The Gamow-Teller (GT) strength distribution depends on

the deformation and affects the half-life (T1/2) and B-
delayed neutron emission probability (Pn).

22



120
110+

proton number
3

40+
30
20+ mT=-
10+
% 20 40 60 80 100 120 140 160 180 200 220 240 T=-
neutron number
T=-
=+
Exotic nuclei with excess of neutrons have different
T=-

Fermi energies for n and p
Allowed decays might not be possible owing to large =-
mismatch in wave functions

neutron-rich nuclei

3pl/2
3p3/2
2f5/2
1i13/2
2772
1h9/2

3s1/2
2d3/2

20-22/03/2023 G.Benzoni @ INFN-Milano

First-forbidden beta decay

208Pb

126
82

3d3/2

2g7/2 m=+
4s1/2 m=+
3d5/2 =+
1j15/2 T=-
lil1/2 m=+
2g9/2 m=+

3d3/2

24
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proton number

110

100 I
AGT+Af f

PRL 117, 012501 (2016)

PHYSICAL REVIEW LETTERS

20 40 60 80

100

120 140

160

neutron number

180 200 220 240

[First Measurement of Several f-Delayed Neutron Emitting Isotopes Beyond N =126

R. Caballero-Folch,"* C. Domingo-Pardo.s'* I Agramum,3 A. /—\lgora.a'4 F. Ameil.” A. Arcones,” Y. Ayyad.6 1. Benlliure,*
L.N. Borzov,"® M. Bowry,’ F. Calviiio,' D. Cano-Ott,"’ G. Cortés," T. Davinson," 1. Dillmann>>' A. Estrade >
A. Evdokimov,*'* T. Faestermann," F. Farinon.” D. Galaviz,”> A. R. Garcia," H. Geissel, ™' W. Gelletly.9 R. Gernhiiuser,

M. B. Gémez-Homillos,' C. Guerrero,'®'” M. Heil® C. Hinke,"* R. Kndbel.” I. Kojouharov,” J. Kurcewicz.” N. Kurz.®

® Thiswork o FRDM+QRPA
® Prev. Experiment A.l. Morales, et al. (2014,2015) X E-‘FS’QCQRPA
] Prev. Experiment Z. Li, et al. (1998) 0 RHB+RQRPA
C ] | ]
1 03 L Re |Osl Ir 1Pt Au | Hg TI 1 ng Bi _
= O e ® 5
£] ] o0 O FO -
B or A A 0o I vV _ o .
1P, o 00 gt 8 $ BaoghBe
n 5 3 ANV o $ ol v ov 3
L B roijve 245 » o A0 ¢
2 ot o dv Taler POy 8 0% *e !
- = o E E H 4 T ¥ 0 % v 0 ARE
= o ] OF g & X A g:
C v ] & - A A i o =
1= E 2 3 E I 3 +0 Y g o244 AF =
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n : O ot m =
10-1 I I I I I q‘]
NO)O"(")V"N(")ﬂ'LOLOLOLO‘DI\wO)O'_O"N(’)VLQ(’)VIO(DNO')VLO(DI\
rr YA AN AN NI NN NNV AREROORORINROO000
Neutron number N

First-forbidden beta decay

week ending
1 JULY 2016

P, (%)

10

10

o  FRDM+QRPA —e— This work

O  RHB+RQRPA ¢ Phenomenological | (Miernik, 2013)

o KTUY & Phenomenological Il (McCutchan et al., 2012)
E + o o §

[ e

3 i @ 1 :{ E

e & -

E ) 0 E

E ¢ E

210Hg 211Hg 211T|

1 I Il
212-“ 213T| 214T| 215T| 21ST|

20-22/03/2023

G.Benzoni @ INFN-Milano

Istitut Naonale 6 Fisia acleare

25




proton number

120

110+
100 +
90»
80;
70
60_
50
40
30
20+ mT=-
10+
% 20 40 60 8 100 120 140 160 180 200 220 240 n=-
neutron number
T=-
=+
Exotic nuclei with excess of neutrons have different Fermi
energies for n and p ="
Allowed decays might not be possible owing to large =-
mismatch in wave functions
neutron-rich nuclei
=+
=+

3pl/2
3p3/2
2f5/2
1i13/2
2772
1h9/2

3s1/2
2d3/2

20-22/03/2023 G.Benzoni @ INFN-Milano

First-forbidden beta decay

208Pb

126
82

3d3/2

2g7/2 m=+
4s1/2 m=+
3d5/2 =+
1j15/2 T=-
lil1/2 m=+
2g9/2 m=+

3d3/2

26
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The 2g,,, -> 1g,,, beta decay (*°’Hg-> 2°’Tl)

30
- 351 keV gate
3474 S4— —E2 72t il
| 7981 1765 ok 2193
E1 E1 - - e
gggg —1/2x3 Wl (of 2_) 22 Lo 3130 3140 3150
5123} 17911 oo (7/27) : 1791|1331 keV gate
E2 : M1 : > 10:_
, d5/2 R
1683 1 { 2 5/2+ & O-—7a7e5 1790 1795 7800 1805 810
1 2 450
| 1331 2358 g 1993 keV gate
351 Y d3/2 Y 3/2+ 8 100 - 798
R R T L LN b
351l sl/2 1/2+ 50;
O—gs 790 795 600 605 810 815 820
E (keV) I" *F 2358 keV gate
3f- 765
oF —
(Non-)population of the g,/, state <3.9x10- 1t i WE‘/{\NQ 1 M M
304 B
log ft > 8.8 (95% confidence limit) Energy / keV

(only one other, less stringent, test of An=0: 209TI->209Pb)
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T V

Z=82 — — _— —
351/2 - ) 3d3/2
2d3/2 — <.~ 287/2

T 4s1/2
1h11/2 PN 3d5/2
2d5/2 1j15/2
/ 1i11/2
) 2g9/2
1g7/2 k---"""
Z=50 — — — — — — — — — — N=126

20-22/03/2023

These increase dramatically for extremely neutron-rich
nuclei, when either exploring deeper into the proton
shell below Z=82 or extending further into N>126

lifetime of heavy neutron-rich (Z<82, N>126) nuclei
strongly affected

The same selection rule also affects nuclei ‘south-east’ of 132Sn due to the
existence of n =1, / =0 neutron-proton orbital pairs in the region of N>82and zZ<50.
Experimental investigation of the forbiddenness in this mass region is an interesting
possibility but remains challenging due to the large Qg values

G.Benzoni @ INFN-Milano 28



T Vv ) An=1 pairs_

I15/2 liys/2
- 2 2d
£=8% — — — — — 451/22 4':31/223
3s1/2 - 3d3/2 liy/2 357/2 liy/2 357/2
S = -7 ' 5/2 ———3ds,
2d3/2 ———%. 267/2 @) T @ ]
~ <
s \/: 4s1/2 liyz/2 NS | liys/2 N
1h11/2 ———— - )/ >s 3d5/2 3paz 2?51/’:_ — parz: 22,/22
&---"7 ]
2d5/2 K 1j15/2 22 s 2 ha————
/ ® ®
, / @ | ©
)/ . 2g9/2 1hy1/2 = lh11/2 =
187/2 ---" v2d3" 2ds/2 2d32 2ds;2
7 =50 N =126 1g7/2 I \ 18772 I \
1g9s2 Y 1gas2 /
2pyy 2py/2 ————
L2 2p3/2 I f572 2p3/2
lifetime of heavy neutron-rich (Z<82, N>126) nuclei strongly affected .1y, 1f7/2 !
ion ’ 1d3/2 1d3/2
affects also the region ‘south-east’ of 132Sn (J.Taprogge et al., EPJA2016) 1d3/ 25112 ldal 2512
*1ds/2 ] 5/2 ]
1pis2 ' 1pis2 '
1p3/2 @
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10057 N=Z=50 Relativistic Fragmentation reaction

. 124 9
Heaviest N=Z nucleus Xe beam on “Be target

Measuring logft

doi:10.1038/nature11116

Teller decay of the

100 Sn

Nature 486, 341 (2012)

Superallowed Gamow
doubly magic nucleus

“PSnsetting (15 days ™xebeam)  ~260 190Sn nuclei produced (0.75/h)
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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
analysis are shown individually for "“Sn (dashed) and its daughter nucleus
- 10050 '™In (dash-dot). The solid line shows the sum of these decay curves and takes
40 - into account a small amount of random background.
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l;igurc 5 | Distribution of the positron energies emitted in the B-decay of
'%%6n. The spectrum contains only decay events that can be assigned to '**Sn
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 f-decay phase space
function determined by MLH analysis.




Measuring logft

Improved Value for the Gamow-Teller Strength of the 1°°Sn Beta Decay

PRL 122, 222502 (2019)
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Heaviest N=Z nucleus
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FIG. 3. Top: the energy distribution of positrons after the g
decay of 1°0Sn. Bottom: energy distribution of the y-gated event
selection. The insets show the y? values when comparing the
measured spectrum with the simulated spectrum for a certain end
point energy. The Q values for the minimal y? are given in the plot
and have been used to generate the fully drawn histograms. The
dashed histogram represents the contribution of the daughter
decay to the spectrum. Screenshot
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Highly forbidden decays

B Decay of 138La

A.Giaz et al. EPL 110 (2015) 42002

Lantanum has two isotopes
« 13ILa, stable
o 138] 3 radioactive:
T;,,= 1.05*10" years
¢ abundance 0.09%.

138|_a

5+ 1.05x10''y
138 a has two decay branches 66% Q=1738 keV
- towards 13Ce, BR= 33.6% 34% Q=1044 keV € o+ 13:B
EC towards 3¥Ba BR=66% 8Ce 2+ 2
y2= 1436 keV
Both decays are ly1= 789 keV o l
0+

Experiment: measuring the BR and the electron spectra
Using LaBr3(Ce) detectors as

><,_\ >< B- decay: e in the det. which B decays,

I 789 keV v ray in the other;

Nl — EC: X ray in the det. which decays,
1436 keV 7 ray in the other

—

B-




Highly forbidden decays

Background subtraction to get e- spectrum:
® Coincidence with 789 keV (black box) total spectrum

° from 1436 keV (red box) 1x10° ' ' ' ' ]
° 5 . — Spettro totale
Bg subtraction cancel peaks at 37.44 and 5.6 keV in o —— Spettro del fondo
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Theory has hard time reproducing low-energy
1 shape of 3-electron spectrum

Interaction btw Coulomb field of the nucleus
and electron
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®’Fe

Quantities that can be extracted in a 3 decay experiment
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Introduction

Producing radioactive beams i.e. exotic nuclei

IN-FLIGHT

Heavy-ion accelerator “Physical”
process Fragment

I separator

lon Chlarge Thin production
source stripper target

relativistic fragmentation/fission of

heavy nuclei on thin targets

* >50 MeV/u = production of
cocktail beams of many nuclei

e Use of spectrometers to
transport/separate nuclei of
interest=>» Relatively long decay
paths At > 150-300 ns

* Nuclei are brought to rest in final
focal plane and let decay

RI Beam
(RIB)

Large AE

+ cocktail beam: many nuclei at once
+ both short and long-living species
+ get information already with few ions

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

Isotope/

. isobar

“Chemical” 1+ ion separator
process ~ source P

Driving
beam

ISOL method e

Thick target

. RIB Post-
Experiments accelerator
Charge

Small AE selector

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)



Examples of facilities all over the world...in-flight and isol _ TRIUMF
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Measuring 3 decay

y-ray spectrometer
Fragmentation

fission -
. RIB
Relﬁ:x;hc l degrader E
stable beam T
’ |
magnetic spectrometer — Particle ID
Be target Active stopper
/A v/
IN-Flight facility Eurica@RIKEN

radioactive
radioactive atoms ions
transferred to
ion source ion source | mass
separator,
/ Plastic 3
— ] detector
driver ~
accelerator light :m or
wodm"dm LaBr
heavy-ion beam 3
Implantation Decay point
(@ point

ISOL facility Tape decay stations IDS @ CERN



sh implantation and decay within same detector

Focal plane implantation detector sensitive to electron emission . . )
Implantation-decay correlations with large

background
(half lifes similar to the implantation rate):

v implant-decay time correlation: active catcher
v’ implant-decay position correlation: granularity
v implant of several ions:

— thickness and area
SiStrips4 4 4 4 4+ 4 4+ 4 v’ energy of the implanted ion and the emitted

The waiting time between particle implantation and S-particle (or i.c. electron)
emission is a measure of the decay half-life. Gamma rays emitted following
these decays are detected by the RISING array.

vy by

GSI
. . RIKEN
* Dual gain pre-amps on DSSSD to get energies * Low gain branch for implanted ions
of implanted ion and b-particle * High-gain branch for B and o decays

* All events time stamped with MHz clock.



: Isotope Separation On Line

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

* High intensity proton beams and beams produced at very low energies (60 keV)
[possibility for post-acceleration]

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

radioactive

e 0 OOOO )
KA 055000 0 50 ioacti ions
spallation {8 + o O 60 08 o5 radioactive atoms
G 0300.00008% transferred to o source _Qs\\
/ =Ep ion sourco/ — 5 .
{3 Y, g
- A AR
driver ~ post-
accelerator liaht - accelerat
. ight-ion or
production y
target heavy-ion beam \l/
@ accelerated
radioactive ion
Cs Y beam delivered

(a) to experiments



Principle of operation

L Clover detectors

BEDO@ALTO

Implantation and decay in the same measuring point

Equipped with egs. Ge detectors and Plastic (or Si detectors) for 3 particles
Trigger given by proton arrival and 3 signal

Long-living activity is removed by moving away the tape

NB: no direct signal of implantation

IDS@ISOLDE



Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

Perspectives
The SPES complex

Hall for
neutron
generation

ADIGE-CB- MRMS

Experimental hall

Low Energy R.1.B.
Target lon
TR enc
Screenshot lie 1/ Source Complex

40 MeV - 200 pA of

protons 1013 fission/s

re-acceleration at 10*A

MeV (A=132)
On UCx target

[BIEVIVvY| 9]
(&5 6 & CEE]

=

expected r-process path

fission production
rate in 1/s
1] r >10°
O 1w0e>r >10°
O 1o>r >10°
M| 10 >1 > 10
M| 10'>r>10
W 10'>r>10°
O 10°>r>10°
W stable nuclide
[ not produced
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beta-decay spectroscopy towards the r-process G.Benzoni @

INFN-Milano

22/05/2023




Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

Perspectives

To the experimental areas

Area A13 in new SPES building dedicated to the installation of
experimental set-up using low-energy beams from SPES

Actual — Present - Layout:

* 2 measuring points,
* one serving two combined experiments (b-DS and SLICES)
* Big space foreseen for bulky instrumentation

* Possibility to extend the line further for small installations
(ISOLFARM)

A13 area: finishing and being equipped and instrumented

Experimental set-ups under test,
waiting for green light for installation

beta-decay spectroscopy towards the r-process G.Benzoni @
INFN-Milano

22/05/2023

42



Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

Perspectives

b-DS and SLICES

- Large area (~ 3000 mm?) Si(Li)
detector 6.8 mm thick segmented in
32 sectors

* beta tagging by EJ212 array SiPM readout
* Gamma detection using 5 GTC+AC
* Placed at implantation point
* Served by tape to remove bg.
* Can be complemented
w/scintillator detectors (LaBr3(Ce))

- Magnetic Transport System

. Plastic Scintillator

* T1/2, decay scheme, Pn via y discrimination EO and CE spectroscopy

Marchini et al. PRC 105, 054304 (2021)
Marchini et al. NIMA 1020, 165860 (2021)

o
0 1000 2000 3000 4000
Energy (keV)

G.Benzoni A.Nannini, A.Saltarelli

beta-decay spectroscopy towards the r-process G.Benzoni @
INFN-Milano 43
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systems: b-DS @ SPES

=

iy
il

Implantation and decay in the same measuring point
Equipped with egs. Ge detectors and Plastic (or Si
detectors) for 3 particles

Trigger given by proton arrival and [ signal

Long-living activity is removed by moving away the tape
Coupled to SLICES for EQ and conversion electron
measurements

NB: no direct signal of implantation

Spettro Bismuto

_-Spettro Bismuto con alluminio

|

R T T T T R N T

Non funzionano

Figure 4: Left: prototype beta plastic detector. Right: reponse to electrons and gamma rays
measured using a ?°’Bi source (black line) and a 2°’Bi source coated with Al (gold line).

Figure 5: 3D rendering of the placemnet of the plastic detectors within the decay chamber of
b-DS. The beam comes from the right sied of the figure. The scattering chamber is not shown
for visualization purposes.



Decay of
radioactive
nuclei

Element
formation in
stars

Example of
measurements
of b-decays

Perspectives

Conclusions

Perspectives

Opportunities with existing/planned equipment

ommmoosoooE

\\\\\\\
H

Measurements of direct impact in

Shell structure evolution

Evolution of nuclear shapes

Astrophysical r and s-process modelling

Modelling and production of radio-isotopes

Excitation energy

)

n-rich nuclei =» complex decay scheme
neutron-emission channels open up

Short lifetimes

High-Q values, high level densities

Access to exotic decay modes: PDR via 3 decay
Fundamental questions: CKM unitarity via study of super-allowed decays

A+l
N+lX z

A+1 Y

B

N " Z+1

p[E] — Quasi-
continuum

es

109h 0 WNUOWAPUE

Discrete states

22/05/2023
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Pandemonium effect

Real situation Apparent situation
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B- decays | B- decays
\A 4 l
\ 4
YYVVVYV
711AN-1
211N

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

=>» Higher Q.. higher possibility of missing feeding owing to high-energy y
ray emission or emission of large number of y rays

eFrom the v intensity balance we deduce the B-feeding
Pandemonium effect implies

=» Wrong definition of gamma feeding and branching ratios |g and logft



lon Gamma Spectrometer measurements

Feeding Since the gamma detection is the only reasonable

\B way to solve the problem, we need a highly efficient
: device:

Y1 A TOTAL ABSORTION SPECTROMETER

Instead of detecting the individual gamma rays we
sum the energy deposited by the gamma cascades in
Ll dsd the detector.

B Si(L) A TAS is a calorimeter!

/\ Big crystal, 4rt (BaF,/Nal/HPGe)

[

[




TAS experimental setup

TAS det (Nal(tl))
(Det 1 & det 2).

Si det.

0

"

Rad. beam|. %

G e d et ——— Total efficiency

Tape station

0 1000 2000 3000 4000 5000 6000
E, (keV)



e TAS at ISOLDE (CERN)
bourg-Surrey-Valencia

A large Nal cylindrical
crystal 38 cm &, 38cm
length

An X-ray detector (Ge)
A B detector
Possibility of collection
point inside the crystal




TAGS analysis _E

B-deca

R is the response function of the spectrometer, R;;
means the probability that feeding at a level j gives

counts in data channel i of the spectrum
The response matrix R can be constructed by recursive convolution:

Jj—1 e 3
R;= ijkgjk R, )
k=0
g... Y-response for j ( k transition 1
R,: response for level k
b branching ratio for j ( k transition
0

Mathematical formalization by Tain, Cano, et al.



B Decay in Exotic Nuclei

Going away from stability

= Shortening of half-lives

" |ncreasing Qe

= Decreasing S,, (on n-rich side)

= Higher possibilities of competing

mechanisms el
" GT unfavoured owing to large mismatch in i E
wave functions btw mother/daughter sno o I
: . a i 140E+4 [0 T1ES2
* Increasing role of forbidden decays | 1“"""" 3
neutron-rich nuclei JIHm

= Pandemonium effect

ZAN ZA N

B- decays B-

Z+1AN—1






