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Deformation	-	rotational	bands	

Double	beta	decay	-	neutrino	mass	
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Fission	-	synthesis	of	heaviest	elements	



NUCLEAR	CHART	-	VALLEY	OF	STABILITY
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https://www.nndc.bnl.gov/nudat3/

https://www.nndc.bnl.gov/nudat3/
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NUCLEAR	DEFORMATION
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R(θ, ϕ) = c(β)R0 (1 +
λmax

∑
λ=2

βλY*λ0(θ, ϕ))



QUADRUPOLE	MOMENTS

5Nature	volume	497,	pages199–204(2013),	
Review:	https://royalsocietypublishing.org/doi/epdf/10.1098/rspa.2020.0202

EJ =
1

2Θ
J(J + 1), J = 0,2,4,...

ΔE = EJ − EJ−2 =
4J
2Θ

−
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2Θ

Δ(ΔE) =
8

2Θ

238U : Δ(ΔE) ≈ 50 keV

1
2Θ

= 7.5 keV

Θrigid =
2
5

R2(1 + 0.31β) ≈ 6 keV

https://royalsocietypublishing.org/doi/epdf/10.1098/rspa.2020.0202


QUADRUPOLE	MOMENTS
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Q	<	0	oblateQ	>	0	prolate



BETA	DECAY
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even-odd/odd-even	nuclei		
in	general	1	stable	isobar

Z>7,	only	1	stable	odd-odd	nucleus

even-even	nuclei:	
at	least	2	stable	isobars

double-beta-decay:	
possible,	strongly	suppressed

2δ
A1/2{



DOUBLE	BETA	DECAY
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Source:	APS



NEUTRINO	MIXING
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Pontecorvo,	Maki,	Nakagawa,	Sakata	(PMNS)	matrix

neutrino	oscillations:

⟨mββ⟩ = |
3

∑
i=1

U2
eimi |

Γ0νββ = 1/T0νββ
1/2 = G0νββ(Q, Z ) |M0νββ |2 ⟨mββ⟩2 ≈

1
1027−28 years

⟨mββ⟩2

(0.01eV)2



KINEMATICS
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B	DECAY
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GERDA	EXPERIMENT

➔ 127.2	kg	x	year	
exposure	

➔ achieved	background	
<	5.2x10-4	cts/
(keV*kg*yr)	

➔ record	sensitivity:	
T0ν1/2	>	 1 . 8 x 1026yr	

limit	on	Majorana	mass:		
mν <	 (0.08-0.180)	eV	
(depending	on	NME)	
Phys.	Rev.	Lett.	125	(2020)	25,	
252502	
https://arxiv.org/abs/
2009.06079	

Science	365,	1445	(2019)	

Final result: GERDA @ Gran Sasso 

under construction: Upgrade to LEGEND200



GERDA	SPECTRUM

14



NEUTRINO	MASS	HIERARCHY
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Source:	Wikipedia



NEUTRINO	MASS	LIMITS

15

GERDA:https://arxiv.org/abs/1909.02726

https://arxiv.org/abs/1909.02726


ALPHA	DECAY
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Transmission	Probability	

	Gamov	factor	GT = e−2G

G = ∫
r2

R
2m |Eα − V(r) |dr ∼

1
Eα

1/τ = Γ = W(α)νe−2G ∼ e−2/ Eα

	Probability	to	form	 	particleW(α) : α

ν =
v

2R
: Assault	rate



ALPHA	DECAY	AND	CLUSTER	RADIOACTIVITY
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prediction:	Sandulescu	A.,	Greiner	W.,	Sov.	J.	Part.	Nucl.	11:	528–541	(1980).,	discovery:	Rose,	H.	J.;	Jones,	G.	A.,	 Nature	307	(5948):	245	(1984).

lifetimes	range		
from	µs	
up	to	1019	years	(209Bi)

cluster	radioacevity:	223
88Ra →14

6 C + 209
82Pb

now:	also,	e.g.,	20
8O, 28

12Mg, up	to 34
14Si, suppressed	by 109 to 1016



ALPHA	ENERGIES

18𝛼-energy	is	fingerprint	of	mother	nucleus



FISSION
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A	—>	A/2	+	A/2	

gain	~	1	MeV/nucleon	

𝛼-decay	dominant	

Coulomb	barrier



NUCLEAR	FISSION
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1938:	discovered	by	Otto	Hahn,	Lise	Meitner	and	Friedrich	Strassmann		
bombarding	 	with	neutrons,	looking	for	heavier	elements235

92U

83%	kinetic	energy	carried	by	the	fission	fragments		
2.5%	kinetic	energy	of	neutrons	
3.5%	prompt	 	radiation		
11%	excitation	energy	
delayed	neutrons	*(after	 -decay)		
-	and	 -decays

γ

β
β γ

chemical	analysis →138
56 Ba

235
92U →236

92 U
* →96

36 Kr +138
56 Ba + 2n + few γ

	MeV	>	 	MeVΔEB = m(235
92U) + mn − m(236

92U) = 6.4 Efission ≈ 5.8

Energy	release:	200	-	250	MeV



SYNTHESIS	OF	THE	HEAVIEST	ELEMENTS
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SYNTHESIS	OF	ELEMENT	Z	=	118

22source:ChemistryNews.org



DISCOVERY	OF	ELEMENT	Z	=	118

32

Coulomb	barrier

Q-value:	
Δ(48Ca)	+ 	Δ(249Cf)	= 	Δ(294Og)	+ 	Q 

Q = 	− 	44.2MeV	+ 	249.1MeV	− 	196.5MeV	= 	− 	171MeV 

Expect	about	30	MeV	excitation	energy	of	the		
compound	nucleus	297Og	
about	3	neutrons	must	be	evaporated		

then	alpha	decays	until	fission		

production	cross	section:	~0.5	pb

Yu.	Oganessian	et	al.,	Phys.	Rev.	C	74	(2006)	044602.

VC ≈
ZPZT

A1/3
P + A1/3

T
= 196 MeV



PERIODIC	TABLE

24Z>94:	Berkeley,	Darmstadt,	Dubna,	Wako,	Livermore,	Oak	Ridge



TAKING	IT	TO	THE	NEXT	LEVEL
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hep-ph/0011241

Also,	e.g.	search	for	c-deuteron	 		
with	ALICE

cd → d + K− + π+



BACKUP
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DOUBLE	BETA	DECAY
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Source:	P.	Vogl,	U	Mass,	Amherst	(2017)



NUCLEAR	DEFORMATION
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Ring	and	Schuck,	
The	nuclear	many	body	problem

R(θ, ϕ) = c(α)R0 1 + ∑
λ=2

λ

∑
μ=−λ

αλμY*λμ(θ, ϕ)

Axial	symmetry	gives	βλ = αλ0, λ = 2,3,4,...

	quadrupole:	λ = 2, α21 = α2−1 = 0, α22 = α2−2

α20 = β cos γ, α20 =
1

2
β sin γ, γ = 0 (prolate), γ = π /3 (oblate)



KINEMATICS
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bequerel
Source:	COBRA	experiment


