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Subatomic Structure

[MeV] a
The nuclei: protons (red) —
neutrons (blue), each
consists of 3 quarks 0
connected by gluons. Pb Nucleus

[GeV] A

0.3
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Particle masses

* Mass 938.3 MeV

" n g
Proton Y ="up'quark +3€ e Mass1.8-2.7 MeV*
D | ="down" quark -lse * Mass 4.4-5.2 MeV*
*Independent particle rest mass which,
e Mass 939.6 MeV in the case of quarks, is meaningless
Neutron

Quarks only add to ~10 MeV of the mass of nucleons,
the rest comes from the field energy of gluons
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Beta decay

W

* Free neutrons decay into protons with t™900 s

* Due to charge conservation, an electron is emitted e~

* Due to lepton number conservation, an antineutrino is also emitted v,
* Free protons are stable
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Nuclear mass

my < Z-my+N-my

my = Z - my+N-m,-B/c?

10

B is the nuclear binding energy "N “’"" el
. . e %0000 be bs 1% W
It is a residue of the strong o | e e gy | T
. . 0 —UF "As ™Mo e Baidd ATTL
interaction between quarks £ L “Dy i
1 ' A neyr
B/A~8 MeV on average : ‘
Maximum around 62N E | ou
Explains stellar nuclear reactions "
* Element abundance o
Nuclear reactors
JH
. N° masico A
0 100 200
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Semi-empirical mass formula

(A—2Z)?
A

B(A Z) = a,A — ”_3142;“'3 - ”'(.'Z(Z - 1)44_1’f3 — Qsym —3/4

+da,A

/" T T T AN

volume  surface Coulomb symmetry pairing

Coulomb Asymmetry Pairing

https://en.wikipedia.org/wiki/Semi-empirical_mass_formula
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Semi-empirical mass formula

B(A,Z) =a,A — a,A%/3 — ac.Z(Z — 1)}1_1’”{3 | -

/" T T T AN

volume  surface Coulomb symmetry pairing

https://en.wikipedia.org/wiki/Semi-empirical_mass_formula

lEM




Assymetry term

* Also known as Pauli term

* |t originates from the Pauli
exclusion principle and the Shell
structure

* An excess of neutrons would need
to occupy higher energy orbitals

* It can be expressed as:

2
a (N AZ)

* Notice the square dependence
with the difference between
protons and neutrons

* This can also be derived by
modeling the nucleus as a Fermi

ball of nucleons

= CSIC

A=16

Lower energy

Higher energy

Protons

Neutrons

IN-Z|=0
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Protons

Neutrons

IN-Z|=4

https://en.wikipedia.org/wiki/Semi-empirical_mass_formula
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Nuclear chart

Protons

Isotones cons. N

Isotopes cons. Z

Neutrons

https://www.nndc.bnl.gov/

lEM
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Nuclear stability

* Due to the asymmetry term, in isobar lines the masses will follow a parabola

* Nuclei will decay into the valley of stability

* This valley is not at N=Z mainly due to the Coulomb repulsion between protons
* Protons inside the nucleus can be unstable, they decay into a neutron by B*

Thus for each A-value one can calculate the _ T _
| Tedlurium 52 % £ Fr:l’.'l'IEI'H'!ILII'I'- 61
nucleus with lowest mass (largest binding \ /
1 | PEC | 24 mimdes
energy): ' ."
& | » '
. . . @ | y Y H n
For a given A a parabolic behaviour of the 3 e 52 Neodymium 60
2 | 4.5 seconcs i I \ EC B mifutes
nuclear masses show up. g2 \ ' / [ =
5 Xenon 54 X #  Praseodymium 58
odd-A only one stable nucleus. The rest B* B  rmmeue \ _ /  wee [/ rznon
decay towards the only stable nucleus. o UMES X pec S COUMER
S Barium 56 <—— Lanthanum 57
even A both even-even and odd-odd =2 | I
parabolas implied by the mass equation. . 51 52 53 54 55 56 57 56 50 60 61 62
proton (Z)
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Beta Decay: definition

Beta Decay: universal term for all weak-interaction
transitions between two neighboring isobars

Takes place in 3 different forms
B, p* & EC (capture of an atomic electron)

fri:p=>n+e+v
ZAX N_)z_'i><*N+1+e++ve

EC:p+e2>n+v _
) A f:n>p+e+vV
ZXN+e__) * +Ve+Xray

Z-1 N+1 A A * . _
ZXN_)Z+1 vat® tVe

a nucleon inside the nucleus is transformed into another

No preformation!
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Atomic Mass Model

Relationship with Nuclear Decay Models

e 167 e-e
254 Stable nuclei ¢ 4 0-o0 (2H, 6Li, 10B, *N)
e 83 e-0

ﬁ 34 Primordial (T,,, > 10%)
~ 3000 produced in nuclear reactions
~ 7000 predicted to be bound

e Decay characteristics of most radioactive nuclei
determined by B-decay i.e. weak interaction

e  For heavier nuclei = Electromagnetic
N interaction important >

e Moving away from stable nuclei by adding protons or neutrons 2>
until the particle drip-lines (Sp =0orS_=0).

Nuclei beyond drip-line are unbound to nucleon emission, i.e. Strong interaction
cannot bind one more nucleon to the nucleus
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Beta decay energy spectrum

* Energy spectrum of beta
particle is continuous

* No discrete peaks

e This is why neutrinos were
suggested

* 3-body decay: beta,
(anti)neutrino and recoiling

Intensity [arbitrary units]

nucleus | _
* Energy mass difference is - / o

Sp“t among the 3 prOdUCtS 00.0 02 04 06 08 10 12
* Total energy available: Electron Energy [MeV]

Q=(my —my,—m,—m,)c>=Ey, + E,+E,

e Typical Qis from a few MeV to 20-30 MeV
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Energy spectra features

SET LT P g R TVl

64Cu B8~

*  E,."Qq the B particle takes all the ’
available energy; daughter nucleus 2
and neutrino at rest

N(Te)

 There is a most likely value for the

I T

i 0 0.1 02 03 04 05 AO6 07
particle energy 0.1-0.4 Qg T, (MeV) (“t
B can be emitted at ~0 energy -
_ I L L L L L
 [B*can not be emitted at ~0 energy Al sdcy g+ |
- _
— The attraction or repulson of the protons = -
in the nucleus is not negligible = 3 =
S +

T

C . .
N (L) = <F(Z, Q)|ViI’[Q — Te]z\/Tez +2Tomec® (T, + mec?) L

Cloc e b b L
0 01 0.2 03 04 05 06 fu*?

Te(MeV) (Tedmax

A =2\Y/
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Neutrino mass measurement

T, » *HeTt +e™ +7,

%=C'F(E’z)'p(E"me)‘(EO'E)"J(EO'E)‘Q-mvz

1-10°

810 *

610 *

410t

Intensity (count rate, arbitrary units)

210t

* |f we know with great precision
the nuclear masses, we know QB 010°

Energy [keV]

A precise measurement of the
end point is sensitive to m, Qp=18.59202 (6) keV

i Model independent method https://indico.cern.ch/event/572149/contributions/2488095/att
achments/1446803/2228876/ALPS2017 fraenkle.pdf

A =2\Y/
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KATRIN (Karlsruhe Tritium Neutrino Experiment)
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KATRIN (Karlsruhe Tritium Neutrino Experiment)

Electrostatic high-pass filter Analysing plane Elcivoni
U.vm( f) T
un v '
& HeT*
U, (r. 2 (/) © Radon atom
c ¢ € Rydberg atom

& Positive ion

.
| =
-

LS A
o
a Iy~

T T b 4 — !". : . @ e a B e
oy ENENEIIS ! 77 3 ’
ma e L= Transport and \ v : i Segmented
I Tritium source i » ) /a0 0}.’0’0’0’0"’.-"’ N

pumping NOOOLA RS detector
Rear wall and , a8 o
electron gun

Main spectrometer

@
¥ ¥

R Rk ";’:\‘\g’ ’ \«:»;t "
Wk,ﬁk{‘?\ "\\\\ @
Yy ” -

A=

A

B =427

Pitch angle / / / &

Cyclotron
= motion
B,.=25T oth

Zax B =63 4
e ana x 1077
Magnetic yasvavens

Fleld-line direction
adiabatic collimation

* Molecular tritium source (T,,,=12.3 years and Q;=18.59202 (6) keV)
* Electric field to filter low energy B particles

* Magnetic field to conduct them to the detector
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CSIC

m? (ev?)

my (eV)

KATRIN (Karlsruhe Tritium Neutrino Experiment)

~259 days of measurement, out of
1000 days planned

Current upper limit of m <0.45 eV
Plan to reach m,<0.3 eV 90% C.L.
Model independent measurement,
but relies on theoretical calculation

0.5 -
0.0 ----- - -
054
—1.04
167

0.8

0.4 +

0.2

e j.e. molecular dynamics

# Nature Phys. 18 (2022) 221802

¢ This work

¢ PRL123(2019) 160 N
e Best fit

1 e Upper limit (90% CL)

+ PRL 123 (2019) 160

¢ Nature Phys. 18 (2022) 221802

* This work

+—0

o Projection (90 % CL)

T T T T
100 200 300 1000

Beta scan time (days)

https.//arxiv.org/pdf/2406.13516

Los Alamos (1991)
Tokyo (1991) —
Zirich (1992)
Mainz (1993)
Beijing (1993) -
Livermore (1995)
Troitsk (1995)
Mainz (1999)
Troitsk (1999)
Mainz (2005)
Troitsk (2011)
KATRIN (2019) -
KATRIN (2021)

KATRIN (combined)
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Nat. Phys. 18, 160166 (2022). https://doi.org/10.1038/s41567-021-01463-1
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Double beta decay

* There are a few cases for which
simple B decay is not
energetically allowed, but -55 }
double B decay is.

(A,Z) > (A, Z+2)+ 2e” + 2V,

* Has been observed in about
dozen cases, i.e., ’°Ge = 76Se
T,,~1018-10%! years

Mass excess (MeV)
I
N
o

-75 t

28 29 30 31 32 3 34 3 3 37 38 39
Z

76Ge 768e

J. Mendez PhD thesis

) C S lc Bruno Olaizola, Beta decay experiments

lEM



Neutrinoless double beta decay

* |f neutrinos have masses
(they oscillate, so yes) they
could be Majorana particles

* Neutrinos would be their
own antiparticle v, = v,

* This decay would violate
lepton number conservation
(+2 from the emitted e’)

 Would allow for absolute
measurement of m,,

* Imply physics beyond the
standard model

Physics 11, 30 (2018)
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Neutrinoless double beta decay

* |n neutrinoless double beta decay, - 2vBB
both electrons carry all the energy
 Sum of both energies=total
energy
* Very low probability
e Large amount of radioactive e /\
material "0 oz ox 05 o8
* Superb sensitivity and efficiency (Ee, + Ee,)/Q
* Long collection tim.e C‘“r‘:ﬂ“‘“yi‘;i i ’“"“f ﬁ ‘ r"
e Ultra low background (i.e. (0] <~ z
underground) 35?551?5
* No event has been observed so far
* T,,>10% years (universe age

20000 ¢

15000

10000

OvBp

dN/d(E,, +E.,) (a.u.)

LAr cryostat
&—

‘ li\iib :
~ 10 ‘ '
10 yea rS) Ge detectorarrayv%‘ \* : ;»/;"_ 5?0 rr:? HZO
e |f there is ever a result, will need the =/ ' 4,,.0721@13)7323’3
[arXiv: 1212405
M.. nuclear matrix element (see later) Pttps://ww.mp-hc.mpg.de/gerda/
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Beta decay process

Process mediated by the weak interaction between two isobars

(N,Z) -->(N-1,Z+1)+e +vVv o M(Z) - M(Z+1)= E; +E_ + Ex
BT+ EC
(N,Z) -->(N+1,Z-1)+e*+vVv M(Z) - M(Z-1)= Eg +E, + 1022+ Ex
A [ — - R
eEc//|  (N,2) §
1022 keV n
Ap/ B_l:‘ V EB_ max y \ A (5
QEC I e y / EB+ T v EX B
" v y >
T eiza (N-1, Z+1)
daughter
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Fermi’s golden rule

2T

2
Aip = — Mg | py

/

Transition rate or
probability of decay per
second

Matrix element for the
(weak) interaction

Density of final states

My = (FIM]i) = f Wi MV

“The one we need for neutrinoless double beta decay

CSIC
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Beta decay ft value

34,7
_ 1/2 2m>h’In(2) B K
g me Lf g Lf

* fisthe phase-space integral, which is related to the statistical rate factor,
and is a function of the Q value. It is tabulated. It favours populating low
energy states.

B, Texp
» Partial half-life of a specific decay branch 7, = ;—/2
Bi

* If we measure Q, BR and t, ,, we have log(ft).
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Beta decay momentum conservation

' ZB = fe+f §B = SV and ]B — LB+SB L,

Ji=J+Lg /E
, B
J is the total angular momentum

i i [
L is the orbital angular momentum
Sis the spin

* Fermi §e+§\,=0 (antiparallel)
* Gamow-Teller §e+§v=1 (parallel)

Fermi decay Gamow—Teller decay

¢ o 34 6 6

A =2\Y/
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Beta decay selection rules

L Classification

Lg=0— Allowed

Lg =1 —  First Forbidden

Lg =2 — Second Forbidden
Lg =3 —  Third Forbidden

S Classification

0 Tl or IT V(F)

Sﬁ_s‘*’*”"““_{l 1 or 1L A(GT)

e 0* - 0*not allowed in GT, because Sp=1 and therefore AL#0

: C S l c Bruno Olaizola, Beta decay experiments



of cases

Number

Beta decay selection rules

S. Turkat et al., Nucl. Data Sheets 152, 101584 (2023)

[~ First forbidden non-unique
First forbidden unique
Second forbidden non-unique
Second forbidden unique
Third forbidden non-unique
[ Third forbidden unique
["""1 Fourth forbidden non-unique

160

- 120 —

L ‘ 0" — 0" (AT=0, Parent T,=0;-1) —
140 = [ 0" — 0" (AT=0, Parent T,=-2) -

- B 0' — 0" (AT=0) -

_ 0" e 1" 100 —
L | AJ=0,1 & An=0 B
100 — sl

80 — "
ool -
- 40 —
40— -
- il 20—
20— | 0
0 __, r—'_l 1‘ | 1 I I | —u ikt Wi £ . | | | § — | F_ I l
* . 8 L 0 5
log ft

* We can use log(ft) to infer the spin-parity of daughter nucleus states
e Learn about nuclear structure

CSIC
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Beta decay experiment

e Selection rules tell us which states we will “most likely”
populate in the daughter nucleus

* Log(ft) favours populating low energy states
* No need to re-accelerate beams

* Higher intensity

* No Doppler corrections

* Easier experiment

C S l c Bruno Olaizola, Beta decay experiments




Beta decay experiment

* Now we have all the ingredients to perform beta decay
experiments and learn nuclear structure

* | will use GRIFFIN at TRIUMF as example, current state-of-
the-art spectrometer

* More facilities are following its design

40 0 staff

A A
AN 200 Owned & operated
students & by a consortium of
post-doctoral
universities
researchers l 20
650 o ' ® 12 MEMBERS
scientist & y | ® 8 ASSOCIATE MEMBERS
student researcher
visits per year
Univ e rsit
of Nortiorn
Briti hC | umbi "Unvgmty
®
M Canada int Mar:
Canada simon Fraser - Unjversity Univer “3’5
Unlversny of Calgary Ufniversity u‘w sity . I
) @' v of Regin nipeg Mc_(ii . 3 .
B Americas Uni . of British Columbla @ Um".rmy University @7 Shertwooke
ofViet &TRIUMF of Manitoba C Ietonty. % gniversite‘ \
. Universi e Montréa
Asia . .Queen s University
Universi ity oquelph. ?Yunli U ‘y ”-0 nto
= FUI'()[)F Western Universi ity \® B McMast U ity
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ISAC@TRIUMF

ISAC-I and ISAC-II Facility

N
e

TRINAT

= High Reéolution
LEBT Mass Separator

Target Stations 500 MeV

Protons Cyclotron

Ve,V T S 2 TRIUMF
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GRIFFIN
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Moving tape

Mylar tape

£ =100.00%
£ = 25.10%

151Nd
12.44 min

B~ = 100.00%

152Nd
11.4 min

B = 100.00%

153Nd
316s

B =100.00%

Bruno Olaizola, Beta decay experiments

#*
N
c
o
i)
o
o
o
144Cs 145Cs
0.994 s 0.587s 0.3220s 0.230s
B-=100.00% B-=100.00% PB-=100.00% PB-=100.00% | p-=
Bn=3.03% Bn=1470% PBn=1420% PBn=2850% |Bn=
I I [ I I
il 90 91 92 a3
Neutron (N) #




Moving tape

10° * You implant RIB for some time until

(75 AL '_'_'_'_'L'_'_'_'_'_'_'_';_'LL'_'_'_'_' i your activity saturates
~ TF - |
z | ‘ | Xv=1471 * Block RIB and measure decay
S | — Pull Fit Funetion 3 * Thanks to very different lifetimes,
S b Background 3 you observe different decay curves
PR 3 S g E e Move tape behind lead wall
E r U coniaminan . . .
3 2F == "Co contaminant 3 e Start fresh implantation
) C l":!l‘:n;l.m contaminant ] 3

l:— - x10

{}:..::l::::::::::::::}::::l::::{::f:::’ 30— T e e iyl
= E(b L I~
E wy | 1 -
T 10') \ 251
£ 10 - s an s SRR o @ -
'E m‘l:[ i o lai 1 ; 20—
S 0 TR T TR TR TOTOT I A ). g r
] A o r o 15—
E 5 2 °Cd
..'% o 10__ 123In
6 - . ; - [ In-beam "*In
= : L Pl e et 5k Background

0 5 1 1 20 , 25 30 35 { [_Sum

Time in Cycle (s L - e
yele (s) % 2 4 6 8 10 12

Cycle time [s]
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Beta tagging

* Decay of interest begins with a
emission

e Surround point of implantation with
plastic scintillators

* Require detection of a B particle

* Will not detect B particle from ambient

radiation

Suppresses room background by 5

orders of magnitude

15000

— HPGe

10000 —— Beta-gated HPGe

Tl

L L L J
1%00 2000 2500 3000 3500 4000 4500

Energy (keV)

Counts / keV
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Conversion electrons

 Whenever a low energy gamma is emitted, an
inner shell atomic orbital can absorb it

* Probability depends on multipolarity of
gamma and energy

* Electron emitted with discrete energy

» Sidetectors, cooled to reduce electronic
noise

* PACES in GRIFFIN, SPEDE in IDS (CERN)

¥ i Theoretical E1
714* —Theoretica

203* 359" N ——Theoretical M1
3 ?6 Theoretical E2
—e—Data

100

1025
k)

I TTTTIT

102

10'3 I 1 1 | | 1 1 | I | | | Il 1 1
200 400 600 800 1000

Energy (keV)

J. Park et al., PRC 96, 014315 (2016).
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HPGe clovers
» i'é_:;, E'ﬂ

,;7

¥ ' . ) |
- J .
»

B L
o |

123.5-124.0

A.B. Garnsworthy, C.E. Svensson, M. Bowry et al. Nuclear
Inst. and Methods in Physics Research, A 918 (2019) 9-29

lEM
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0.35
0.30

0.20

Abs. Eff

CSIC

0.005

HPGe clovers

e 16 clovers, 4 crystal each, 64 total
* ~30% efficiency at ~120 keV

* Energy resolution@ 1.3MeV = 1.89(6) keV

1T |-l-l-l-l-|-L-J-l-I—-

S s SV

lll—ltlll—ltill—l

1 2 1 3
0 Energy (keV) 0
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Counts (per 0.5 keV)

Statistics

pa
~ [ 413

i QQ%T ees * High efficiency allows for
oF g high statistics

I 827

i ?XJ * Detects more and
S T e s weaker y rays
200 300 400 500 600 700 800 900 1000 . .

— * Wealth of information,
o 1205 but more complex
o 1445 .
" e 11323341371;37]”?178 analysis

J 1611/1617
1710/1713

1000 1100 1200 1300 1400 1500 1600 1700 1800
Energy (keV)

A. MacLean PhD thesis, UoGuelph 2021
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Build complex level scheme
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A. MacLean PhD thesis, UoGuelph 2021

CSIC

Bruno Olaizola, Beta decay experiments

Use y- vy coincidences to
build level scheme
Coincidences require large
statistics and efficiency
This is a small fraction of a
level scheme, can get a lot
more complex

Reveals inner structure of
the nucleus




Y emission

* y-ray emission is not
__________________ isotropic

Multipoles i Milipoles | Shitpeler | atterms . Diff tf dinole th

Dipoles: ? P charge E m \ ; T | I eren Or a |p0 e an
& ﬁ) § @ a quadrupole

________________ R * DependsonJ, J;and L
Quadsupales ka Q" QU involved

e s :

o §§ g% ' * Powerful tool to firmly

________________ © i i@ b w assign J to levels and L to

tupole © i E ™
OIO,sogo y-rays

N. Papasimakis Nature Materials volume 15, pages263—-271 (2016)
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v-y angular correlations

* Implanted nuclei will not be, in XN
general, oriented (polarized)

* Effective radiation emission seems
isotropic

— Individual is not

* We can useay-y cascade
— Now we measure the angle between y-rays
— Oney gives us the nuclei orientation T

— The angular distribution will give us the
multipolarity of the other (polarized) Y,

* Problem: 5 incognitas and 1 equation

— Must already know at least 4 of J®and XL Jo
involded

C S l c Bruno Olaizola, Beta decay experiments



Normalized counts

Residual

v-y angular correlations

T T T« With 64 crystals, there are 4096
-, @ 0*-2*-0* P pair combinations at GRIFFIN
1_5__ \":,' Filled circles = Data , | Very high granularity
- Dotted = Theory i/ 4 * S2unique angles
-\ Dashed = GEANT4 *'/ 1+ Great angular resolution
i K 3 | ¢ Precise angular correlations
1 PATONS 7* -
— ;& “./. .}.\a. r - - L
i \ o Ne / 1 1.12 =
) (3 B
N e "{N N 1 b 4+-2+-0¢ =
0.5 4 £ E E
[T oy e - .
0.1- ¢ 1 % Loab =
- O AR E
0___}?__,5;_9?%3% §-o i__h__%si-_ig_;_.}_i_ - E - .
e ¢ @ ] 1 =] - -
* §§ * ¢ Z ~ -
-0.1 , - = E
-1 0.5 0 0.5 1 = =
CoS = =
T '—'d.éa'—'o'.é'46.4'-'6.'2;;)5(,'}(6')05 04706 0.8 1
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Compton scattering

. * A photon interacts with an atom

depositing a fraction of its energy (not all)

» |f after the Compton event, it escapes the
detector, we will not detect the full
energy

 Compton background complicates
measurement of weaker gammas

100,000 1 “OK (1462 keV)
10,000
=) T
m | !
P 1,000 ol ——
S 100 - \w
O
10 -
1 I I I 1
0 500 1000 1500 2000
Energy (keV)

A =2\Y/
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BGO Compton suppressors
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3 Hour Room Background
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Timing with scintillators
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Beta delayed neutron emission

* After a beta decay, the

- \_ daughter nucleus can be
. \

left in a state above the

o . neutron separation energy
: o * The intermediate nucleus
. . Final nucleus can emit a neutron instead
. - Z+1, N2
¢ o * of a gamma.
B Yy v
Initial nucleus Intermediate nucleus

Z,N Z+1, N-1
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Neutron measurment

* We can use DESCANT to
detect neutrons

* Liquid scintillators

* INDie (at ISOLDE) are plastic
scintillators strips

* By neutron coincidences, we
can distinguish if we are
populating the N-1 nucleus
or the N-2

 Without neutron detection,
is not always trivial

Bruno Olaizola, Beta decay experiments
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Enhances decay of interest
ISOBAR T, Longer

HPGe: 16 Clovers
"/ Detect gamma rays and
determines branching
ratios, multipolarities
and mixing ratios

Fast, in-vacu
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Beta decay experiment

Nuclear structure
 Measure beta decay half-life
e Construct level scheme with yy coincidences
* Assign J™ to excited states using:
* Log(ft) from beta decay
e yy angular correlations
e o from conversion electrons
e B(XL) from lifetime measurements
* Firmly assigning J™ is key to understand the structure of a
nucleus
* NOTE: none of this techniques is exclusive from beta decay
experiments, but, in general, it would be the simplest and
cleanest experiment to use them

CcsiIC Bruno Olaizola, Beta decay experiments m



The Standard Model of particle physics

The CKM matrix plays a central role in the Standard Model
and underpins all quark flavour-changing interactions:
weak interaction eigenstates # quark mass eigenstates

(@) (s Ve VYO
\
V, || S

S |=|Vy Vs
\b') Ma V Vb)\b)

ts

d") =V, |d) +V,|s) +V,|b)

In the Standard Model the CKM matrix describes a unitary transformation:

Vi +V2+V2E =1

The first row of the CKM matrix provides the most demanding experimental test
of the unitarity condition.
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Superallowed Fermi B Decay

phase space (Q-value) ~_ . K - constants
ft — M—' 2 ) /Weak coupling strength
half-life, branching ratio / ‘ ifl g
D matrix element

For the special case of 0* 0" (pure Fermi) 3 decays between isobaric analogue
states (superallowed) the matrix element is that of an isospin ladder operator:

M |2 = (T=T,)(T+T,+1)=2 (for T=1)

Strategy: Measure superallowed ft-values, deduce G, and V:

K
ft= —— N
2 G2 |V4| =Gy / G:+— Fermi coupling constant
Vector coupling /
constant
o C S lc Bruno Olaizola, Beta decay experiments I E M




Superallowed Fermi B Decay

Ft = ft(1+ 8, N1+ 8, — 8. )= A — constant

FroN T R

“Corrected” , Vector (CVC)
ft value Calculated corrections (~1%) Hypothesis
| (nucleus dependent) Inner radiative correction (~2.4%)
Experiment

(nucleus independent)

AVR = nucleus independent inner radiative correction: 2.361(38)%

O = nucleus dependent radiative correction to order Z2a.3: ~1.4%
- depends on electron’s energy and Z of nucleus

Oys = huclear structure dependent radiative correction: -0.35% — 0.05%

0. = hucleus dependent isospin-symmetry-breaking correction: 0.2% — 1.6%
- strong nuclear structure dependence

C S l C Bruno Olaizola, Beta decay experiments

A =2\Y/



: C S l c Bruno Olaizola, Beta decay experiments

Superallowed Fermi B Decay
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M

Beta decay experiment

6
10 -- decay (a)
“ 10 - N contaminant
» - Background
% 10" — Best Fit Result
£
2 10°E
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00
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1 Y
3
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108

0* 10C

Qg =
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‘)W

‘}W

T =
19.3062(71) s

* The job of nuclear physics is to precisely measure Qg, T,,, and branching ratio

* Extract Ft better than 1 part in 10*

o If|Vyql? + |Visl? + |Vyp|? # 1 would imply physics beyond the standard model

. R. Dunlop et al. Phys. Rev. Lett. 116, 172501 (2016)
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Beta decay experiment: astrophysics

11 He

10 Stars Solar System Abundances

g 0 < of the Elements

C
Vs
8 ' r-process

12 + log (M/H)

Li

Be

Atomic Number, Z
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r-process

0 50 100 150

-

« Rapid neutron-capture process
* Neutron star mergers?
* Competition between beta decay and neutron absorption
* Most relevant observables:

* Beta decay half life (g.s. and isomers)

* Neutron emission

* Neutron capture cross section

http://www.ph.sophia.ac.jp/~shinya/research/research.htmi
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Half-Lives of Neutron-Rich 128-130Cd

Nuclei near N = 82 are responsible for the A~ 130 r-process abundance
peak. These ‘waiting point’ nuclei are important in calculations of all
astrophyical environments.
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G. Lorusso et al. PRL 114 192501 (2015)
M. Mumpower et al., Prog. Part. Nucl. Phys. 86, 86 (2016)
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Half-Lives of Neutron-Rich 128-130Cd
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e Lifetimes were
measured in B-y
coincidences

 HPGe gate cleans the
spectra

e Lifetime is extracted
from SCEPTAR (B)
activity

R. Dunlop et al., PRC 93, 062801(R) (2016).



Beta decay experiment

400¢ __DF3
: o
350 - E HaIS1WD
: g
% 300 v A0S
= - ¢ Talb
= - A Krge
@ 2501 .
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T 200
L -
150F
100 ¢
- [ I
80 81
130Cd half life: N

195 (35) ms K.-L. Kratz et al., Z. Phys.A325, 489 (1986).
162 (7) ms M. Hannawald et al., NPA 688, 578 (2001).

127 (2) ms G. Lorusso et al. PRL 114 192501 (2015). This work |

126 (4) ms R. Dunlop et al., PRC 93, 062801(R) (2016).
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SM half-lives prediction below N=82

Measured SM Scaled SM
Nucleus  Half-life (¢ = 0.66) (g = 0.75)
(ms) [2] (ms) [5] (ms)

261(3) 247.53
130 Cd 127(2) 164.29 127
129A ¢ 52(4) 69.81 54.03
128pq 35(3) 47.25 36.57
12TRh 202" 27.98 21.67

* Creates significant discrepancy for 13!In
* R. Dunlop et al. Phys. Rev. C 93, 062801(R) (2016)
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Beta decay experiments

* One of the cleanest and most precise probes we have in
nuclear physics

* \Versatile experiments able to measure multiple observables
simultaneously

* Relevant for astrophysics

* Powerful tool to search for physics beyond the Standard
Model

C S l c Bruno Olaizola, Beta decay experiments
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Any questions?
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Beta decay selection rules

B. Singh et al., Nucl. Data Sheets 84, 487 (1998)

150 4 150 4

Allowed transitions Forbidden transitions
100 - e p i 100 Ak
0 1 - fi rst
Al=01 first unique
\ AJ =101, Ar = no Ax = ves _H\J _ L

superall ow ed

509 "0r o

/ ' Ar = yes
a0 4 \
second

third
fourth

Number of cases

* We can use log(ft) to infer the spin-parity of daughter nucleus states
e Learn about nuclear structure
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Beta decay experiment
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