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number of protons

Nuclear physics: superheavies
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SHE: to the Island of Stability
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synthesis of superheavies
Z +2,=Z
N, +N,=N+(2-4)n

“cold” fusion: Pb + heavy ion
“hot” fusion: light beam + heavy target

Island of stability
set of predicted heavy
transuranium isotopes

much more stable than
nuclei around uranium

centered around Z=114
and N=184

low-energy physics
compound nucleus
combination of light nuclei

and heavy nuclei gives
higher cross sections



SHE: synthesis of superheavies

in collaboration with LLNL (USA)
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254 MeV, 10 pps
~250 000 USD/g

beam

Gas Filled
Recoll Separator

Bk(NO3)sProduct

targets
2498k (117), %'Cf (118)
T,,=330d, 900y

much more expensive
than beam

delivered by LLNL

recently synthesized

«2002: 118th element
*2010: 117th element
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Nuclear physics: light exotic nuclel
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ACCULINNA facility

stable beams transportation F4 Plastic

T &X,Y
radioactive ion beams , & AE-E

b E,__~10—45MeV/A
I ~10°—10° pps
the only working RIB facility in JINR unique
) ] } combination of
In-flight technique tritium beam
dt t
beams up to #*S i



Main research directions at ACCULINNA

full range of “ordinary” nuclear physics research

energy range 5-45 AMeV is especially suitable for spectroscopy
by means of direct reactions

ways to obtain very exotic systems
knock-out (the most usual)
transfer reaction
charge-exchange reactions
guasifree scattering

few-body decays, 2p radioactivity
strong theoretical background

complicated correlation measurements and further analysis






6 . -
Be: Introduction Litp — OBetn

6
alpha core + 2 valence protons Be — a+p+p
the lightest true 2p emitter
2t 3.04

mirror nucleus of éHe; access to i ‘
properties of ®He ground state N 32 197
very limited information on '
correlations \ 0*

Annular Be SLi+ p ‘He+2p

Annular telescope T2
telescope T1

full kinematics
measurement

°Li beam: 35 MeV/A; 10’ pps

'H gaseous target: d = 4 mm;
p~3bar; T~35K

3-particle (a and 2p)
coincidences

beam



°Be: Invariant mass spectrum

= 0, 2" states

= broad hump at E_> E_(2*

uniform shape; high
Cross-section
Interpreted as

Isovector soft dipole
mode (IVSDM)

= rich information hidden
behind IM spectrum
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A.S. Fomichey et al.,

/\M PLB 708, 2012
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Be: Correlations

2-body vs. 3-body decay

2 parameters for 2-body
decay (E,l)

5 additional parameters at
given energy for 3-body
decay

full description of the internal correlations
by parameters € and 6,

. E, k, -k,
- E,+E, kxky

external correlations: 3-body system
orientation
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°‘Be: Data analysis

= theoretical model: PWIA in combination

with 3-body model

= direct comparison of theoretical model

with experimental data

—l— Experimental data

- Simulated data
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== Theoretical input
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500

o IVSDM not taken
>+ into account

| 2 4 4] 7 8 9 10

5
E; [MeV]

test on O ground state (no free
parameters)

two overlapping states O+ and 2*
=1 2* can be aligned
“I broad 0* and 2* can interfere

low sensitivity of internal
correlations to model
parameters observed

agreement between EXP and THEOR data
for E_.<3.2 MeV in full range of 6__




°Be: Quasibinary kinematics

quasibinary !
kinematics ;
!

core

useful when a few overlapping states present

total angular momentum is determined emission
angle of alpha particle

core

Legendre

polynomials
can be visible




°Be: External correlations

: constructive incoherent destructive
= Experiment |, . .
B Simulation interference interference interference

L
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Events
- B BB

N & 60 HD I 120 140 &l 0 Ay 40 B0 B) 10N 120 Q40 (el

6, [°] 0, [°] . 6, [’ ET € (1.9,2.5) MeV

8,. € (60,75)°

Events

“] 20 40 60 BB WG LAY MO leh D8I 2 S0 60 B0 00 020 140 L0 18D

0, [°] 6, [°]

experimental sensibility to J*
orientation and interference between
0" and 2*

= dramatic changes of the @_distributions
depending on the model parameters

= |evel of alignment and interference angle
Is changing with E_and 6__



°Be: External correlations

constructive incoherent

== Experiment
7 Simulation

interference interference

destructive
interference

N & 60 HD I 120 140 &l 0

0, [°]

1 Ay 40 B0 B) 10N 120 Q40 (el 0

e (1.9,2.5) MeV

Events

q] 20 40 o0 B0 M LY 40 |6 DS

8, [7]

experimental sensibility to J*
orientation and interference between
0" and 2*

= dramatic changes of the @_distributions
depending on the model parameters

= level of alignment and interference angle
Is changing with E_and 6__

¥ X &0 B0 B0 M 120 140 160 b

60,75)°

6, [°]

I 120 140 16D IED

0, [°]

such detailed
analysis was done
for the first time







10He: Introduction

3 8 10
extremely high excess of neutrons H+"He —»"" He+p

the lightest double magic isotope YHe 5®* He+n+n
after alpha particle

Inconsistent data on 0* ground
state energy Ground state energy

_ (above the 8He+n+n threshold)
no correlation data

Reference E(THe) [MeV] | T' [MeV]
Korsheninnikov et al. 1.2 1.2
annular
k=i a S Ostrowski et al. 1.07 0.3
P 7 tescope
e H : Chudoba et al., ~3 N/A
TOF Htarget - n

i 100 P Golovkov et al.

| i 0 B \SH“‘-D» Johansson et al. A 1.42 1.11
(&

“He beam H (UL Johansson et al. B 1.54 1.91
Kohley et al. 1.60 1.08

8He beam: 21.5 MeV/A; 10° pps
SHtarget: d~6mm;p~09bar; T~26K



%He: Missing mass spectrum

45:—

: T

missing mass spectrum from % 25E- ﬂ H
protons measured in coincide- & * % + + +
nce with éHe °F | ﬂ 1 1
Sg Missing mass
479 events found B+ spectium from protons T,

2 4 6 8 10 12

EY [MeV]

population of 0+ ground state
with maximum at E_~2.1 MeV

structureless spectrum for
E >4 MeV

low background from competing
processes




%He: Correlation and spectrum decomposition
quasibinary kinematics: & = Enn/EN' < 0.5

1%He total angular momentum is fully determined by
angular momentum of He - m

10_3) E,g_,e)<3.5MV
6 't L T T ]
Lol], ®S], = [0®l,], ®0,=J=1, 07 o1
he % + ﬁ+ H / 01 ST
£ JH( :+ J( i 1011"/7\§:[7L
T e g oHe) T : L. Sl
SHe E ; A 1 05 0 05 1
i : : /h | cos Oy,
(He) e
e e J™ of the ground state
confirmed by the experimental
do 2 data analysis
a0 APy(z) + BV3Pi(w) + C\/EPQ(I)} + D’ Jm of the 1- states determined
from experimental data for the
first time







E (MeV)

17"Ne: Introduction

Borromean system; investigated
many times in the past

possible two-proton halo structure of

the g.s.
(one of the last candidates)

true 2p decay of the excited state
predicted

7/27 2.997
5/2* 2.651

1/2* 1.916
5/27 1.764

1.479
3/27 1.288

0.944

2p-threshold ;V

150+2p ~ 16F+p

15Mg 20Mg
40PS S0.8 MS
2P: 100.00% &2 100.00%
epx= 27.00%
18Na 1SNa
1.3E-215 <40 NS
P: 100.00% P

15Ne
SE-21 8

2P: 100.00%

14F 15F 1sF
1.0 Me¥V 40 KeV

x P: 100.00% P: 100.00%
120 130 140 150
0.40 MeV 5.58 MS 70620 5 122.24 8

P ep: 100.002% € 100.00% &: 100.00%
&: 100.00%

true 2p-decay and y-decay
partial widths ratio:

theoretical predictions (L.V.
Grigorenko and M.V. Zhukoy,

Phys. Rev. C 76, 014008, 2007)
—7
Iy, /T <5 x 10

experiment (M.J. Chromik et
al., PRC 66, 02413, 2002)

[y,/T < 7.7x107°




1"Ne: Measurement and combined mass method

18Ne + D %17 Ne i d
ITNe 19 O+p+p

t t Missing M p o
WO measurements issing Mass 17
on liguid and Invariant Mass Ne\l 50
gaseous target Combine Mass
Ne beam:

35 AMeV, 10° pps _
<oy SSD2 combined mass
DSD allow to
H target q N accumulate high
MWPC2 — | %0 |_| statistics
MWPCI . _
‘ i better resolution
- Al filter
JHerS ikeope | COMpared to
SSD1 missing mass
d - telescope SSD2 method
Csl/PMT




’Ne: excitation spectrum

900F- thick target: []

S00E- missing mass
- spectrum

700:—

2600 E-

M E 20734 events

8500;—
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20();—

100E- b
-2 o1 0 1 2 3 4 3

E (MeV)

160H coincidence with

140f]  two protons 950 events

120~ i
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=igs

= 80—

‘560: missing mass

2 i
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== 572 -112F
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spectrum
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E (MeV)
combined mass method
provides much better
resolution than missing
mass

no event related to 2p
decay of 3/2 state
observed

new limit of 2p partial width
[y, /T, <8x107°

4



First conclusion
°Be

the ground, 2* states populated, manifestation of the Isovector Soft
Dipole Mode

proper theoretical model developed
analysis of external correlations: suitable tool for investigation of
reaction mechanism

10He
new energy of ground state at 2.1 MeV established

J" of the 1- states determined from experimental data for the first
time
evidence for 2* state observed

17Ne
experimental resolution significantly enhanced by means of
“combined mass” method
no events of 3/2° state related to true 2p decay
new limit upper limit "2 /Ty < 8 X 10™° established, by 2
orders of magnitude better than existing data



towards the (nhear) future ...



Superheavy elements factory

Current state of FLNR

Nuclear physics with stable & RI-beams ,
U200 Applied

research

- [Fre100
Production &
studies of the

T8
o=
'R

L1l




Superheavy elements factory

Full-scale realization off the DRIBs-III
Dubna Radioactive Beams

SHE Factory Nuclear physics with stable & RI-beams .
U200 Applied
| | | e research
—— 2 - | :
el 5| T
(R, F 3 studies of the
= N |/~ DRIBs Nano/Lab
—I: 740 - 1500m?
_ }fif‘*-?JH =
mm| 70 |EN
U400R = MI25
\\ ‘upgraded £
T iy
targets beams
»1Ct, >°Es, ...7? BCa,; *°Ti; >*Cr; *®Fe; *Ni
14
... > 10" pps




LEN: ACCULINNA-2

— ke —, l

start of operation:
January 2016 !

ACCULINNA

Hl beam from U- 40&1 /

" energy range 6 — 60 MeV/A
= pbeam intensities higher in 2 orders
wmZ,.~1-36



°H and ’H isotopes o -
He(°Li, 2a)°H
quasifree scattering ‘*He(*'Li, 200)"H
(b)

.....
________
_______

largest proton-neutron asymmetry ul)ssm&z’ B
among known nuclel e \\
decay pattern g o

_____________________________________________________

3-body: t + 2n

Target cell

very restricted experimental data E / Neutron



VL jisotope momeeswresmeemeaen .

200

180

160

140

120

100

.
-----------------
-----
- . "
.

““.-““_ ....................... p :. .‘-
subsystem of 1Li :}I‘ OLi ,‘3113""' / e
i ' 10] ; i = d e
Interaction of °Li + p ~10p ;7 ;
needed for description of *Li g
restricted experimentaldata .

stilben
Si detector detector

;_ Entries 2124 Or H\pE/ I
:: Combine Mass D liquid
2 target

combined mass
method provides
resolution ~200 keV

Missing Mass

02 D08 oE 1 e oo
E (MeV)




EXPERT@SuperFRS@FAIR

knockout

Beam

2

IIAz
L

Radiation-
-hard SSDs

for beam
diagnostics

VERY THICK fragment excitations by
secondary target area y array
target for

one-
or two-nucleon GADAST @

Identification of heavy

Last achromatic stage of
fragment separator is
Hi-res spectrometer for
heavy decay fragment

2

Degrade the heavy
fragment energy

A1(Z.)

A-lz % p
N L@
uSi tracking

detector system
for light charged
particles

NeuRad
High-angular
resolution neutron
detector

n@

FRS, SuperFRS
one of the
middle focal
planes

Particle unstable
systems beyond
proton or
neutron driplines

Hi-res angular measurements both
for proton and neutron dripline nuclei populated
on secondary target

i

@ A-E(Z_l)

Warsaw OTPC

Radioactive particle
emission for stopped
reaction and decay
products

O

MC simulation

framework

to interpret the
correlation data with
incomplete kinematics




Software to handle the
EXPERT and ACCULINNA
Instrumentation iIs nheeded



ExpertRoot: Software for data
analysis and simulations

ExpertRoot

A
|

FairRoot

simulation and digitization of one
neutron detector module realized

comparison with stand-alone GEANT4
simulations in process

next step: gamma-ray detector

Eve Main Window

/N

ext. libs
Geant4,

ROOT Geant3,

FLUKA




Conclusions

first beam at ACCULINNA-2 expected very
soon

rich experimental program for separators
ACCULINNA

development of software framework
ExpertRoot in process

Thank you for
your attention






Appendices



SHE: spectroscopy

spectroscopy of
transfermium
nuclei (Z>100)

sensitive
detector
array

VASSILISSA set up at experimental

hall of the U400 cyclotron - e s PN
- GABRIELA: Gamma Alpha
Beta Recoil Investigation with
[ geam  ectromatc the Electromagnetic Analyser
e A3 ZW in collaboration
Beam 42 Qusarupot o Sl 25sec  with CRN (France)
equilcii::'::ig:g foil o) / // 30 sec
251NO
90 0.93 sec EXpeflmentS In 2014
0 078 sec 279Y 7 8280 160 8370 22Ne(197Au,5n)2“Ac
L 8420 / / /
8665 8608 120 110 £ 22Ne(2°6Pb,4n)224U
279 60
58 . 8530 / 40Ar(2°¢Pb,3n)%**Fm
0
X 7 247 0 Fm Y d *Ti(*%®Pb,2n)%°Rf

Fm



ExpertRoot: Inherited workflow

Generator 1 | . |
ransport
' : SHERE Simulation _’( MG Data <

Generator N

( MC Data Digitizer

Physics Track Hit Cluster

analysis Finder Finder Finder



ExpertRoot: How to get?

https://github.com/ExpertRootGroup/expertroot

ExpertRootGroup/expertroot - GitHub - Mozilla Firefox

| € ExpertRootGroup/... % | %

i ' & GitHub, Inc. (US) github.com v & || @ Hledat B8 ¥+ & A4 0 B -
GitHUb This repository  Search Explore Features Enterprise Blog Sign in
ExpertRootGroup / expertroot @watch 2 Kksar o YFork ©
Program tools for simulation and reconstruction EXPERT expirement events
<> Code
29 commits 2 branches 0 releases 1
@© lssues 0
¥ branch: master~ | expertroot / + =
G P I Pullrequests o
fix for event displa
52 ETE) Wiki
ExpertRootGroup authored 8 days ] latest commit 965c8F7007 F
ExperiData hot fix for gcc 4.4.* 4~ Pulse
NeuRad Adding verbose to ExpertNeuRad
: : fsh Graphs
geonfig adding ExperiNeuRadStep
geometry ExpertNeRadDigiAnayser HTTPS clone URL
. ) https: //github.con | e
macros fix for event display 8 days ago
You can clone with HTTPS or
passive ExpertNeuRadDigitizer a month ago Subversion.
templates ExpertNeuRadDigiAna > Download ZIP
B cMakeLists.txt ad
El README.md Update README.md

README.md

ExpertRoot




°Be: theoretical model

PWIA in combination with 3-body model :

our task is reduced to solving of inhomo-
genous Schroedinger equation with |
source on the right side

Ity B WL = 0w

transition operator (function of q) contains information about
population of °Be from °Li

Y Yfl Q7Tz lem Tz Yim (Z> Z V (2)022'517/

1=1,2 Im

transition operator takes a “simple” analytical form thanks to the
choice of the N-N potential used in PWIA calculations

Vir(rir) = (oi-0.)(Ti-70) Voexp [~ ((r +1:)%/r3)]




External correlations “slow” degrees of freedom:

3-body motion of °Be decay

do _ products
d$2,.dQ dET /

J M’ VK ~
— Z Z Im ASMsgw(ET7Q%)IO§]\% (ET7k) Déﬁssx(ETaﬂ%)

SMgSy JMJ' M’ — —
parametrization

of density matrix:

)

“fast” degrees of freedom:

( Wo,0 0 0 y/WooWapcos(poz) 0 0 ) the population of the states
0 Wa,—2 0 0 0 0 in °Be via the reaction
pJ’M ' 0 0 Wa,-1 0 0 0 > mechanism
JM v/ Wo,0Wa,0 cos(¢o2) 0 0 Wao 0 0
0 0 0 0 W1 0
\ 0 0 0 0 0 Wiy
“slow” degrees of freedom: internal model parameters for extreme cases
correlations describing the 3-body orientation
decay alignment: [p [>~ 1, |p, [*~ 6

“fast” degrees of freedom related to

_ : nonalignment: |p >~ 1, |p,_|*~ 1/5
reaction mechanism

. interference
external correlations: 3-body system

. : constructive = (°), incoherent
orientation (%2 ),

(¢,, = 90°), destructive (¢, = 180°)

interference of 0* and 2* states




External correlations: Data analysis

® model parameters reveal themselves
in 3-body system orientation
“ structure is fixed (€<0.2)
“quasibinary” decay

chance to observe distributions of
angular momenta of 0* and 2*

—I— Experimental data

- Simulated data

quasibinary
kinematics : o

e = Eyp/Er < 0.2

' Z-axis

=== Theoretical input ‘\;

120
100

80

counts

60

40

20

25

201

15

10

ground state

® no free model parameters

" good agreement between
experimental and simulated data

" spectrum strongly affected by
efficiency




‘Be: Soft dipole mode (SDM) of giant dipole
resonance (GDR)

" GDR = SDM
o
protons vs. neutrons halo vs. core 2:'0
AL=1, AT=1 P ma " AL=1
E. .~ 14 -24 MeV A4 E,. lowerthanE__,

induced by EM excitation induced by EM excitation and

charge-exchange reaction

2500
2000

1500

Events

1000

500~

Excitation energy




Be: Isovector SDM e

broad hump above the 2" state observed
also in other experiments

(arb. units)
ah
O

analysis of angular distributions allowed
us to assign AL=1 to this structure

do/d

cross section of the hump is comparable
with cross section of resonance states

BT

interpreted as an isovector soft dipole

mode (IVSDM) i
0, 20%
resonance VS. mode 401 Theory
property of particular chargc;teristicofor ‘é ol
nucleus specific reaction 7
its population does its population is o O
not depend on given by reaction I 1B B e — S
. . o | R J", 60% Fi
reaction mechanism mechanism = :
. . 6 . ,'. . ' s i s ST T E S T RIS S S
IVSDM population in °Be: Sl , e

O ~ Z fi(q, ;) [oz -+ 503)] T:(lj)Ylm(fi) ET (MeV)



IVSDM

GDR |
Collective > 1l <«

P

excitations

‘Be
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’Ne: 2p-decay of the 3/2- state

: experiment

1

simulations

087 wur feier 87 o “r ddm i
i AR T N 8 AR ]
i "up Baeia B = . - S
S06[ et >0.61 e
O s - T oE
\2_/ : l:-;'=-.. . f|:..-.-. - % :
— ‘.'... i -. ol ..E " . i 7
8 0.4_ B :'-_.:.':1::-.2 ; I-IE: -': g LTJO.4_ s,
j A ol -u:‘- B "l::_g et I
0.2 B R 0.2
g : = ' -

| | | | | | | | | | 1 | 1 I | | |

: : 0.2 0.4 0.6 0.8 1
E (MeV) E (MeV)

OO
=g
N_
O_
B

=1
0_
O_
(@0]

SN

OO

7/27 2.997
5/2% 2.651

1/2* 1.916
5/271.764

1.479
3/271.288

0.944

E (MeV)

2p-threshold

Y
150+2p 16F+p 17Ne i
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