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Nucleus

● ensemble of protons and neutrons
● mass ~ 10-27 – 10-26 kg (tens of GeV)
● size of atom:

~ 10-10 m
● size of nucleus:

~ 10-15 m
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Why exotic?

● far from stable nuclei
● complicatedly available

strange 
in other 

way

too 
heavy

or

neutron

proton
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The same Periodic table of elements
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Fields of interest

Neutron
drip-line

Proton 
drip-line

Superheavy 
nuclei
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Superheavy elements

Neutron
drip-line

Proton 
drip-line

Superheavy 
nuclei
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Island of stability…

Island of stability

 set of predicted heavy 
transuranium isotopes

 much more stable than 
nuclei around uranium

 centered around Z=114 
and N=184
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...and to the Island of Stability

● low-energy physics
● compound nucleus
● combination of light and 

heavy nuclei gives 
higher cross sections

synthesis of superheavies

Z
1
 + Z

2
 = Z

N
1
 + N

2
 = N + (2 – 4)n

“cold” fusion: Pb + heavy ion

“hot” fusion: light beam + heavy target



14

Synthesis of superheavies
beams

48Ca, 50Ti, 64Ni

254 MeV; 1011 pps

recently synthesized
● 2002: 118th element
● 2010: 117th element

targets
249Bk (117), 251Cf (118)

T
1/2

 = 330 d, 900 y

GFRS
Gas Filled 

Recoil Separator

collaboration of ORNL (USA) 
and JINR

Prices per 1 mg

197Au ≈ 0.05 $
239Pu  ≈ 4 $
  48Ca  ≈ 80 $
249Cf   ≈ 60,000 $
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0 1

elastic 
scattering

compound 
nucleusevolution

Scale of inelasticity
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Superheavy elements

Neutron
drip-line

Proton 
drip-line

Superheavy 
nuclei
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Spectroscopy of superheavies

GABRIELA: Gamma Alpha 
Beta Recoil Investigation with 
the Electromagnetic  Analyser

VASSILISSA set up at U400

spectroscopy of 
transfermium nuclei 

(Z>100)
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Mass spectrometry of superheavies

Mass Analyzer of Super Heavy Atoms

(MASHA)

1

D1 Q1 Q2
D2

Q3
S1

D3a
D3b

S2

2
3 4

Пучок 
ионов

DAQ in 
focal plane.

target block with 
hot catcher ion source

mass separator

focal plane silicon 
multistrip detector

● mass measurement 
with accuracy ~10-5

● minimal T
1/2

 ~ 1 s

alpha-spectroscopy of 
transuranium elements
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Superheavy elements factory

U400M

DRIBs

MT25

U200

IC100

Nuclear physics with stable & RI-beams

U400M 
&SC ECR

Production & 
studies of the 
exotic nuclei

Applied
research

U400R

Current state of FLNR
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Superheavy elements factory

U400M

DRIBs

MT25

U200

IC100

Nuclear physics with stable & RI-beams

U400M 
&SC ECR

Nano/Lab

1500m2

1500m21000m2

DC-280 new

SHE FactorySHE Factory

Production & 
studies of the 
exotic nuclei

Applied
research

U400R
upgraded

Full-scale realization off the DRIBs-III 

targets

251Cf, 254Es, …?

beams

48Ca; 50Ti; 54Cr; 58Fe; 64Ni

I
beam

 > 1014 pps

Dubna Radioactive Beams
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Neutron
drip-line

Proton 
drip-line

Superheavy 
nuclei

Light exotic nuclei



25

Light exotic nuclei

● light: let's say Z = 1 – 20
● exotic: close to the „drip-lines“
● large excess of protons or neutrons
● many interesting effects

First observation 
of 6He

T. Bjerge. Radio-Helium. 
NATURE, 137, 865, 

138:400–400, 1936!!!

Observation of 
large 6He radius

I. Tanihata et al., Physics 
Letters B, 160(6):380–

384, 1985.
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Drip-line

● boundary of nuclear stability

● immediate emission of nucleon

Limits of 
nuclear 
structure

Continuum
dynamics

Continuous 
spectrum

Discrete 
spectrum

0

ET

Stationary states

Quasistationary states

J. Erler et al., Nature 486 
(2012) 509
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Nuclear halo

„classic“ 
nucleus

nuclear 
skin

nuclear 
halo
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 tunneling to the forbidden regions
 extended size of nucleus
 strange spatial distribution

neutron halo neutron layer

Nuclear halo

B. Jonson P.G. Hansen. The 
Neutron Halo of Extremely 
Neutron-Rich Nuclei. Europhys. 
Lett., 4(4):409–414, 1987
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Nuclear halo

Stable nuclei

Exotic nuclei

neutron halo

one neutron:one neutron:  1111Be, Be, 1919CC
two neutron:two neutron:  66He, He, 1111Li, Li, 1717B,B,

        1919B, B, 2222CC
neutron skin:neutron skin:  88He and He and 1414BeBe

proton halo

g.s. ofg.s. of  88B, B, 1313N, N, 1717Ne, Ne, 2626P, P, 2727SS
the first e.s. ofthe first e.s. of  1717FF



30

Borromean nuclei

`

M.V. Zhukov et al., Bound 
state properties of 
Borromean halo nuclei: 6He 
and 11Li. Physics Reports, 
231(4):151–199, 1993
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GDR
 protons vs. neutrons

 E
GDR

 ~ 14 – 24 MeV

 induced by EM excitation

SDM
 halo vs. core

 E
SDM

 lower than E
GDR

 induced by EM 
excitation and charge-
exchange reaction

Excitation energy

Soft dipole mode (SDM) of Giant 
dipole resonance (GDR)
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Dipole modes

● property of particular 
nucleus

● its population does not 
depend on reaction 
mechanism

● characteristic for 
specific reaction

● its population is given 
by reaction mechanism

resonance vs. mode



  

3-body systems

Jacobi
coordinates

in momentum
representation

k
x
, l

x

K
y
, l

y

N
2

core

N
1

T-system

θ
k

k
x
, l

x

k
y

N
2 N

1

Y-system

core

θ
k

2-body vs. 3-body decay

● 2 parameters for 2-body decay (E,Γ)

● 5 additional parameters at given 
energy for 3-body decay
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Correlations
 full description of the internal correlations by parameters ε and θ

k

 external correlations:
3-body system
orientation

k
x
, l

x

k
y
, l

y

N
2

core

N
1

θ
k
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Correlations
 full description of the internal correlations by parameters ε and θ

k

 external correlations:
3-body system
orientation

k
x
, l

x

k
y
, l

y

N
2

core

N
1

θ
k
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quasibinary 
kinematics

 useful when a few overlapping states present
 total angular momentum is determined by 

emission angle of the core

l
x

l
y

N
2

core

N
1

θ
k

Legendre 
polynomials 

can be visible

External correlations
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aligned

nonaligned

constructive
interference

incoherent
interference

destructive
interference

E
T
 ∈ (1.9,2.5) MeV

θ
Be

 ∈ (60,75)°

Correlations: examples
6Be

structure

19Mg
2p-decay

I.Mukha et al., 
Phys.Rev. C 85 

(2012)
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Correlation study of 10He

● Jπ of the ground state confirmed by the experimental data analysis

● Jπ of the 1- states determined from experimental data for the first time

s-wave
domination

p-wave
domination

d-wave
domination

2+ ?

1-

0+

2.1 MeV
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Decays

α decay
E. Rutherford, 1899

β- decay
H. Becquerel, 1886

β+ decay
F. and I. Joliot-Curie, 

1932

p radioactivity
S. Hoffman, 1982

2p radioactivity
M. Pfutzner, 2002

neutron 
radioactivity

still waiting
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Proton radioactivity

p-radioactivity
natural generalization 

of α-radiactivity

2p-radioactivity
genuine quantum 

mechanical 
phenomenon
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Proton radioactivity

A.A. Lis et al., Phys. Rev. C 91 
(2015) 064309

45Fe

CCD

M. Pfützner et al., 
Eur.Phys.J. A, 14(3), 

2002
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2p decay
Interplay between true 2p and 

sequential proton decay 
mechanisms

I. Mukha et al., Phys. 
Rev. Lett. 115 (2015) 

2022501

A.S. Fomichev et al.,
Phys.Lett.B708 

(2012)

19Mg

6Be
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Instrumentation



44

Radioactive ion beams
acceleration of a primary beam (I~1012 pps)
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Radioactive ion beams

ISOL technique
• reactions in a thick production target:

(fast production – slow release) 
• reaction products to be extracted, ionized and 

reaccelerated
• secondary beam: (I<108 pps)

acceleration of a primary beam (I~1012 pps)
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Radioactive ion beams

ISOL technique
• reactions in a thick production target:

(fast production – slow release) 
• reaction products to be extracted, ionized and 

reaccelerated
• secondary beam: (I<108 pps)

acceleration of a primary beam (I~1012 pps)

reactions on a physical target
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Radioactive ion beams

In-Flight Production
• reactions on a thin production target
• secondary beam: fragment-separator (I<106 pps)

ISOL technique
• reactions in a thick production target:

(fast production – slow release) 
• reaction products to be extracted, ionized and 

reaccelerated
• secondary beam: (I<108 pps)

acceleration of a primary beam (I~1012 pps)

reactions on a physical target
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FAIR

U400M
hall

SPIRAL 2

FRIB

RIBF

Modest vs. big, bigger, the biggest
Huge increase in the scale 

of modern RIB facilities
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ACCULINNA

● stable beams transportation

● radioactive ion beams

● the only working RIB facility in JINR
● in-flight technique
● beams up to 26S

E
beam 

~ 10 – 45 MeV/A

I
beam

 ~ 103 – 106 pps

unique 
combination of 
tritium beam 
and target
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ACCULINNA-2

● energy range 6 – 60 MeV/A
● beam intensities higher in 2 orders
● Z

RIB
 ~ 1 – 36

first beam: 
November 2016
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5H and 7H isotopes

quasifree scattering

 largest proton-neutron 
asymmetry among known nuclei

 decay pattern
 3-body: t + 2n
 5-body: t + 5n !!!!!
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Спасибо за 
внимание!
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EXPERT@SuperFRS@FAIR
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Appendix: SHE Spectroscopy

Presently Working Experimental Set Ups in the World

Dubna Gas Filled Separator (Russia)    
       

SHIP (Darmstadt, Germany)
Berkeley Gas Filled Separator (USA)
GARIS (Saitama, Japan)
VASSILISSA (Dubna, Russia)
LISE3 (GANIL, France)
RITU (JYFL, Finland)
FMA (Argonne, USA)
JAERI-RMS (Tokai, Japan)
TASCA (Darmstadt, Germany)
 

Heavy element research Spectroscopy studies

Gas - filled

Gas - filled

Gas - filled

Gas - filled

Gas - filled

Vac. V filter

Vac. E filter
 → Vac. V filter

Vac. V filter

Vac. RMS

Vac. RMS

Focal
plane

Focal
plane

Focal
plane

RDT

RDT

Focal
plane


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56

