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Few-body dynamics in light
exotic nuclei
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Few-body dynamics at the driplines =,
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Modern RIB research trend:
move towards and beyond
the driplines

Few-body dynamics at the
driplines as consequence of (i)
clusterization and (ii) paring

~

/Exotic phenomena in vicinity of driplines:
Haloes (green)

True 2p/2n decays (red)

4p/4n emitters (blue)

. NOT INVESTIGATED (gray) )

NOT SO EXOTIC: More or less every second
isotope in vicinity of the driplines has
features connected to few-body dynamics
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Limits of nuclear structure existence
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Limits of
nuclear
7 structure

Quasistationary states

0 T,

Stationary states

Discrete
spectrum

[ Dripline is achieved for Z<32 and N<22 ]

L Dripline is only studied for lightest nuclei J

Limits of the nuclear structure are not solidly
established even for the lightest isotopes.
’H, 12He, 13Li, °Be - ???




Qualitative view of two-proton radioactivity

N N

Bound orbital No bound orbitals !

{ ' Unbound orbital
Unbound orbital \//

Quantum mechanical case:

. Cla.ss[cal <.:ase: . it could be that both particles should
one particle emission is always possible . .
be emitted simultaneously
Exclusive - No deeper bound orbitals.
Quantum- - The common orbital for two protons exists only when both are “inside”.
Mechanical - When one of them goes out, their common orbital do not exist any

phenomenon more and the second HAS to go out instantaneously
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» L. V. Grigorenko, R. C. Johnson, I. G.
Mukha, I. J. Thompson, and M. V. Zhukoy,
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PRC 64 (2001) 054002.

» L. V. Grigorenko, |. G. Mukha, I. J.
Thompson, and M. V. Zhukov, PRL 88 (2002)
042502.

» L. V. Grigorenko, |. G. Mukha, M. V. Zhukoy,
NPA 713 (2003) 372.
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True 2p decay lifetime systematics

- ] 310
) N [ Missing mass 20 ]
[ 20 orders of the magnitude variation of } 10"V sszzzaziizonzin ./5?' 7/ icspzand 2070002
the lifetime 3 ‘Be 10"
10% § o "Ne
= E
4 é"‘ j‘IO 17
10°F 8 2 e
Different experimental techniques are A i 0
required: implantation, decay in flight, 107k -’/'T’/-”Ca ;
missing mass ‘e {103
10°} ' |
%IOHr gﬂ /SJZE %1011@
2 i 7 7 j o
In broad lifetime ranges the true 2p P “Niz 7 700
Py 1iE 8 A ]
lifetime measurements are not 1077 & 7 %
accessible 3 ’ Il 510-7
10°°F 2| o
g & ;
. § i10°
o VA =T & P E
10 g K (a()Kr j; 3
! ! o 110°
Nice agreement overall. Problem with 10"% -
120 and 6Ne lifetimes is recently 7 3510_1
resolved 21f f-decay(EC) /]
10 competing with 2p 4
' - 4456s

00 05 10 15 20 25 30
E, (MeV)



True 2p decay lifetime systematics Recent findings
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4Fe: the first found and the best studied

Pfltzner et al., EPJA 14 (2002) 279

Giovinazzo et al., 89 (2002) 102501

Dossat et al., PRC 72 (2005) 054315

Qg = 1.154 MeV

Miernik et al., PRL 99 (2007) 192501

» Special design Optical TPC — nuclear
physics “life video”

» Improved lifetime:

I, =1372x10" MeV T,,(2p)=35(5) ms

2p

» Complete momentum correlations provided
L.Grigorenko et al., PLB 677 (2009) 30
L.Grigorenko et al.,, PRC 82 (2010) 014615

diproton Brown, 1991

Ty, (s)

Ty, (s)



Three-body correlations in decays and reactions

2-body decay: state is

defined by 2
parameters - energy
and width

For direct reactions
the selected

direction is
momentum transfer
\ vector /

/

-

Which kind of useful

~

information (if any)
can be obtained
from three-body

correlations? /

3-body decays: 3-body continuum in reactions: there
2-dimensional “internal” is a selected direction. 5-dimensional
3-body correlations correlations: “internal” + “external”
"Internal” energy of 3-bodies — Kk

{kx vky} - ET: Ex+ Ey
"Internal" 3-body correlations

ke K} -

E=E[E;

coséh = (Ky,k)/(keky)
"External” 3-body correlations

{a, k 1ky}_>

{o, B, 7}
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., PRL 99 (2007)

Miernik et al

» Complete kinematics reconstructed

system
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> Both lifetime and correlations provide W(p?) ~ 30%



°Be at MSU: correlations T NO Be 0
(c)
on resonance )
Epp

. G

Experiment: e O_T?
S pep d gk

R. Charity and coworkers, MSU "Be(°Be, X)®Be ()

|. Egorova et al., PRL 109 (2012) 202502.

» High statistics (~10°8 events/state)
» High resolution

d N/ ded(cos6)

» Nice agreement with the previous (Texas A&M,
Dubna) experimental data

0+ llTlI‘




°Be at MSU: energy evolution of correlations
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Long-range character of three-body “Fe, E;= 1.154 MeV
Coulomb by example of 4>Fe

» Start point for extrapolation: typical range of
1000 fm in p value

» End point for extrapolation: typical range of
100000 fm in p value
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Long-range character of three-body 16Ne g.s., E; = 1.466 MeV
Coulomb by example of ®Ne
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» The energy distribution in “Y” Jacobi system only = o'l 0,

reproduced for extreme range of calculation
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Two- (and more)-neutron radioactivity search prospects

L.V. Grigorenko, I.G. Mukha, C. Scheidenberger,
and M.V. Zhukov, PRC 84 (2011) 021303(R)

/1775, 7

Energy conditions for true 4n decay Five-body (Core+3N)-N (Core+2N)-2N (Core+N)-3N N, - N,
o T B e = I 35 5
E p-wave . - Lo At 1 E g
10 A il L 4 F 4 E , 1077
107 :d—wa‘:fe_ 7 — 3 S 3 ; 1071
T 1 1 =
) ;‘ - 7 - J .. T 4
10" £ fwave =7 1 E I 10
108 g2 1t 3 10° &
0°F ?30 _ ff)P i - Implantation 3 - 10°
10»19 : (a) """'f:"f"" “B-becay competing'j : ; 1 10'2
” ; [ﬂ, with neutron decay {4 | o : 7
10* L. al i i i i iiaal i ik - LA | i Py
10” 107 10" 10° 10"
E (MeV) E(MeV)
Long-living true four-neutron decay Nearest candidates for 4n radioactive

states are most probable. decay: ’H, 2Be, 220




2n radioactivity in 260 ?

week ending

PRL 110, 152501 (2013) PHYSICAL REVIEW LETTERS 12 APRIL 2013

Study of Two-Neutron Radioactivity in the Decay of 260

Z. Kohley,"** T. Baumann,' D. Bazin,' G. Christian,'* P. A. DeYoung." J. E. Finck,” N. Frank,® M. Jones,'*

E. Lunderbﬁrg,‘1 B. Luther,” S. Mos;l:y,"3 T. Nagi,4 1. K. Smith,"? J. Snycler,"3 A. S]Jyrou,"3 and M. Thoennessen'*

'National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
ZDeparlmenr of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
*Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
“Department of Physics, Hope College, Holland, Michigan 49423, USA
sDcpar!mcnr of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, USA
SDepartment of Physics and Astronomy, Augustana College, Rock Island, lllinois 61201, USA
"Deparmment of Physics, Concordia College, Moorhead, Minnesota 56562, USA
(Received 10 December 2012: published 8 April 2013)

A new technique was developed to measure the lifetimes of neutron unbound nuclei in the picosecond
range. The decay of 260 — 20 + n + n was examined as it had been predicted to have an appreciable
lifetime due to the unique structure of the neutron-rich oxygen isotopes. The half-life of 20 was extracted
as 4.57 'L(stat) = 3(syst) ps. This corresponds to 2°0 having a finite lifetime at an 82% confidence level
and, thus, suggests the possibility of two-neutron radioactivity.

L.V. Grigorenko, I.G. Mukha, M.V. Zhukov,
PRL 111 (2013) 042501
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Mechanisms of 2p decay defined by separation energies
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Mechanisms of 2p decay
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23Cl g.s. width from 3CAr data
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Energy is “easy” to measure, width
could be very complicated.
From T,,,~1 ps to I'~100-200 keV
there is a “blind spot”

30Ar was found to have transition
decay dynamics
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Strong dependence of the
experimental signal on the g.s.

. properties of core+p subsystem — 2°Cl =

p
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Radioactive ion beam studies
Flerov lab

ACCULINA and ACCULINNA-2



AN What we already have at Flerov lab

- N U-400 accelerator Ju=
Elements 102 - 108 and 113 - 118 "
Cn
\, >

were synthesized at FLNR JINR

184

-
Superheavy “isle of stability” 162

discovered =
. /

82 Pb
New elements .

114F]  Flerovium
“elv Livermorium | r
13Nh Nihonium N Tty
115Mc Moscovium oy 126
117Ts  Tennessine 50 Sn .
1180g Oganesson .

o u 82
Qecognlzed recently .

] ] 1BESn

114

Fragment-separator ACCULINNA:
50 Studies of the light RIBs

20 Ca 78N

80 28
. 20 ’—[ LLDOR! ScceSratl ]—> The only facility for RIB studies in

Russia, CIS, and Easten Europe




March 30 2018 — The Lomonosov great gold medal is
awarded to Yuri Oganessian and Bjorn Jonson

a"\?

.
Yu.Ts. Oganessian — synthesis of superheavy

elements
\. 4

V- N\
B. Jonson — contribution of studies of exotic

nuclei (ISOL method and nucleon halo)
\. S




FLNR prospects

118
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“Factory of superheavy

elements”
Stage: commissioning 162 114
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50 Sn T e o o
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| | n
| | .
48N - s [ Long-time prospects ]
| |
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(Ll 1325
20 Ca S0 78Ni Ve ™
Facility based on

80 i 28 Near future upgrade-d U-400M + ACCUL.INNA-Z
. Stage: first full-scale experiments

in the fall of 2018
.




New facilities at FLNR




Flerov Lab: ”Superllghts” — fragment separator ACCULINNA

U-400M :
N Li @ 47 AMeV |
N\, F4 | _ 3,107 1/s
J7 BS~5mm

1H(5Li,°Be)n

11 ' 6l N= 7%
B @ ECCLN=33 A Mev = 2 |~ 2x100 /s
34 AMeV/ o ‘ . BS ~ 15 mm
o |\ ; reon MG P~90%
Be 1.8 mm - o Woras s "y \ & & _ ary .em ‘
[ F2 /f || | Plastic : .
Be 1.0 mm 3H(8He,p)10He G.M. Ter-Akopian, A.M. Rodin,
Ap/p=3.6% E(8H'e)322 A MeV ‘ : AS Fomichey, 1996-N9w
L Pl _ }
F2 F3 F4 |Gains
H/V magnification 0.5/2.0 1.0/1.0  2.25/1.6 |aax®
Mom. dispersion, mm/% 4.0-18.0 - — A
Mom. resolution 0.003

H/V RIB size, mm 8/10 20/16



Flerov Lab:

K4-K10 facility

TEACELT,
E(°L)=
\

| Cdegrader
UB @
34 AMe)*

Transfer, charge-exchange
and QFS reaction studies of
4'5H, 5'6'8'9'1°He, 9Li, GBe,

Be

°Be

33

dgé

26,275’ 17Ne

F2
0.5/2.0
4.0-18.0

0.003

H/V magnification
Mom. dispersion, mm/%
Mom. resolution

H/V RIB size, mm

1.0

i, S

8/10

Superllghts — fragment separator ACCULINNA

A.A.Korsheninnikov, PRL 82 (1999) 3581.
A.A.Korsheninnikov, PRL 87 (2001) 092501.
S.V. Stepantsov et al., PLB 542 (2002) 35.

M.S. Golovkov et al., PLB 566 (2003) 70.

G.V. Rogachev et al. PRC 67 (2003) 041603(R).
M.S. Golovkov et al., PRL93 (2004) 262501.
M.S. Golovkov et al., PLB 588 (2004) 163.

M.S. Golovkov et al., PRC 76 (2007) 021605(R).
M.S. Golovkov et al., PLB 672 (2009) 22.

L.V. Grigorenko et. al., PLB 677 (2009) 30.

S.I. Sidorchuk et al., PRL 108 (2012) 202502.
A.S. Fomichev et al., PLB 708 (2012) 6.

|.LA. Egorova et al., PRL 109 (2012) 202502.

P. G. Sharov et al., PRC 96 (2017) 025807. ‘
V. Chudoba et al., PRC 98 (2018) 054612.

)

2.25/T.0 e

20/16




Competitive scientific program at JINR

p

Intermediate energy reactions
(20-70 MeV/nucleon)

\

Transfer reactions

p

High energy reactions
(>70-100 MeV/nucleon)

Knockout reactions

[ Importance of complementary reaction studies }




Competitive light nuclei RIB program at FLNR
2. Correlations and few-body dynamics studies

. . . 16 18 20 22 24 26 28 30 32 34
Correlations for aligned states populated in the ® B B
direct reactions 36
34
Oy ¢
. 2 30
do/dQ ~ |jxr(gr) |
28
. _
4$ 26
beam O )
> 24
{ Few-body dynamics near the driplines 200 e
g 18
.
Few-body dynamics at the driplines is consequence of (i) 0
L clusterization and (ii) paring . o
4 N\
Exotic phenomena near driplines: Haloes (green) True 2p/2n 12
. decays (red) 4p/4n emitters (blue) NOT INVESTIGATED (gray) . -
4 N\
NOT SO EXOTIC: More or less every second isotope in vicinity 8
L of the driplines has features connected to few-body dynamics " 6
4
Correlations in the three-body decays: two extra 2

degrees of freedom




Example: °H studied in the 3H(t,p)>H reaction

W(E) (arb. units)

o 8 8 Ho . .

Events

tarpet cell

& triton

o

No g.s. fit

Complete fit

=
30
, , %0 90 55 1 S
> 3 4 5 9 (g 10 1800
Ev (MeV)
150, Ex=0-2 (a) Ew=35-5 (C) v
Mev e, 600r  Mev *
100 400
0r 200
0 : e 0 4
150} (b) @ -
600 . [
1001 400
50¢ 200

0

& (dgr)

0 '30 60 90 12015018000 30 60 90 120 150 180

& (dgr)

D

A.A. Korsheninnikov,
2001, ®He(p,2p)°H
Discovery of °H at FLNR

M.S. Golovkov, 2004,
Pioneering correlation
studies

v

o

A.A. Korsheninnikov et al., PRL 87 (2001) 92501.
M.S.Golovkov et al., PLB 566 (2003) 70.
M.S.Golovkov et al., PRL 93 (2004) 262501.

S.V. Stepantsov et al., NPA 738 (2004) 436.
M.S.Golovkov et al., PRC 72 (2005) 064612.

» Poor population of ground state. However,
correlations provide enough selectivity:
guantum amplification

» °H ground state position is finally
established; the excited state is established
as 3/2*-5/2* degenerate mixture



Example: 1°He studied in the 8He(t,p)°He reaction

p
Proton 10 cm 8Hie telescope “Conundrum nucleis” second double magic in

detector 12 [2IBet .
| / kaHo./ nuclide chart
e = SHC \,
Pl — & Oy
''''''' n Z a

Discovered by Korsheninnikov et al. in 1994 in
RIKEN giving E;=1.2 MeV

beam kp
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2 wf
20 2t
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el vZET4(Me$/) A 1 -0(6 05 1

_ axny,
R 1
e 1 :
g [I—H—H s o o M.S. Golovkov et al., PLB 672 (2009) 22
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IsoVector Soft Dipole Mode in ®Be

Events / 10*

do/dE, (arb. units)
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p target
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Dipole

excitations

AL=1 C @
Large cross section above

2* and no resonance
AL = 1 identification —
some kind of dipole
response

No particle stable g.s. —

can not be built on
spatially extended g.s. WF

Built on the spatially
extended °Li g.s.
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Experimentally observed and theoretically discussed:
IVSDM as a specific form of SDM




Example: ®Be studied in the °Li(p,n)®Be reaction

PHYSICAL REVIEW C 98, 054612 (2018)

b
(=]

—
h

Three-body correlations in direct reactions: Example of °Be populated in the (p, n) reaction

V. Chudoba,"*" L. V. Grigorenko,'** A. S. Fomichev,"> A. A. Bezbakh,"? 1. A. Egorova,®” §. N. Ershov,°
M. S. Golovkov,"¥ A, V. Gorshkov,' V. A. Gorshkov,' G. Kaminski,"* S. A. Krupko,' I. Mukha,”
E. Yu. Nikolskii,"* Yu. L. Parfenova,' S. I. Sidorchuk,' P. G. Sharov,"? R. S. Slepnev,' L. Standylo,'?
S. V. Stepantsov,! G. M. Ter-Akopian,!* R. Wolski,""!" and M. V. Zhukov'?
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4 A

6Be in (p,n)
reaction: from
known level
scheme to
complete quantum
mechanical
information
(density matrix
parameters as
function of energy

\ and cm angle) /

1 2
Bq(rad)

%

: ﬂ'i'a(rr'ad)2 : Bal ra‘d)2

FIG. 13. Energy distribution 7 for ®Be decay with 2.5 <  FIG. 15. Angular distributions for the a-particle emission in
Er < 3.1 MeV (left slope of 27) for 75° < #p, < 90° and  the momentum transfer frame in the range 2.5 < Ep < 3.1
different alignment /interference settings, see also Fig. 10 for  MeV and 90° < 8, < 120°. Alignment /interference settings

details.

are the same as in Fig. 10.

TABLE L. The best fit to experimental data of density matrix parameters for different {Er,fg.} ranges. The fits were found
using the figures with 8, distribution for all six configurations of the theoretical model.

Er (MeV) 0B.<€(45,60)° 0. €(60,75)° Op€(75,90)° 0B.€(90,120)°
1.4-1.9 AL; ©02=135° AL + 50% NA; ©02=180° AL; ©02=180° AL + 20% NA; ©02=180°
1.9-2.5 AL + 50% NA; p02=135° NA + 10% AL; ©02=180° NA; po2=180° AL + 10% NA; p02=90°
2.5-3.1 NA + 10% AL; a2=180° AL + 10% NA; ©02=180° NA + 30% AL; ¢02=90° NA; po2=135°




Layout of ACCULINNA-1 and ACCULINNA-2 setups at U-400M

Production: SigmaPHI, France since 2012 J

First test RIB production in the fall 2016 J

~

Fully operational in the fall 2018 ]

RF
kicker

4

Zero-angle
spectrometer

4 weeks in March-
April 2018

1.5 weeks in
February 2018

A.S. Fomichey, L.\V. Grigorenko, S.A. Krupko, S.V. Stepantsov and G.M. Ter-Akopian
The ACCULINNA-2 project: The physics case and technical challenges, Eur. Phys. J. A 54, 97 (2018)



First experiments with ®He and °Li on CD, target

Winter/spring 2018:
- elastic and inelastic scattering of ®He;
- d(°He,3He)>H reaction;

- d(°Li,p)*Li = n+°Li run.




d(®He,*He)’H: 2 weeks test run in November, 8He 7x10* pps

_ _ ]
Csl array
GADAST
64 units
¥
bt 3He:
Si-22 u " Jﬂ. decay tritons & RIB
Si - 1000 # A Bp=0.4~1.0Tm
| \\ Cone 0 ~ 14°
a
‘ C \len t \'h H
] —| |4 H
8He ~50 kps = — J Stilbene
(EE R RN YR | pp— g E. Zgray )
E~25 AMeV i /5 am: r\g units
Iml —| /| .
' ! Neutrons, [ i}
l // H_u\ \ — Cone 0~ 14°
I — — - ] T
3H: X_Y_DE
D,-target Si - 1000
3x102° at/cm? 32 x 32 strips

L =700




Moving ahead to the flagship experiment: "H search
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2019 upgrade program

Improved

beamline
(smaller focus,
better separation)

U-400M

instrumentation

| Velocity filter

Neutron array
(number increase,
cheap plastics)

Telescope

array
(number increase)

<’<<<(v J:5
physical target

(including trltlum)
/
< )&

Cryogenic

U-400M (in construction, Tritium 7ero angle
SigmaPhi )
ngaggﬁitdy’e S system spectrometer
beams, (ordered, R&D) hodoscope
intensities) (in development)




EXPERT@SuperFRS

EXotic Particle Emission and
Radioactivity by Tracking



EXPERT: EXotic Particle Emission and Radioactivity by Tracking

[ GSI, FLNR JINR, Warsaw Uni., PTI St.-Petersburg j

VERY THICK
secondary
target for one-
or two-nucleon
knockout

Radiation-
-hard SSDs

for beam
diagnostics

Identification of heavy
fragment excitations by
target area y array

GADAST @

A

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

Degrade the heavy
fragment energy

A1(Z-2)

\

e

2)

particles

uSi tracking
detector system
for light charged

n!
3
NV

NeuRad
High-angular
resolution neutron
detector

6

&) ~(z-1)

Warsaw OTPC

Radioactive particle
emission for stopped
reaction and decay
products

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

— . .
MC simulation

framework
to interpret the
correlation data with

FRS, SuperFRS Particle unstable
one of the systems beyond
middle focal proton or

planes neutron driplines

on secondary target

incomplete kinematics




Basic idea

[ Radioactivity studies J

Two-body decay

I. Mukha:
opportunity to
investigate particle
radioactivity in fs-ns

lifetime range

|

HOWEVER. Found to be well suited for

spectroscopy

Not an invariant mass
measurement: only transverse
momentum distributions

2
AZX core

AElx Féx
. decay

point

trackin
Two-proton events: g

(1) Fragmentation
in the target

(2) exponential "tail"" due

’/ to decay in the flight

Coordinate along trajectory

\

(G0

dWido

[ Better than invariant mass method! IF you understand what is happening }




Basic idea

dj/d(E,/E;)

Better than invariant mass method
IF you understand what is happening

[ True three-body decay }

.IIIIIIIIJIIIIJF

1.0} _ — "Be
core-p ™ 26
Ry II “a N\ “Ne
ol a\% “Mg
I\ oo e
05| SIE R\ “Se
Wl ) A
* " s\ Iy
/ '{' /'" “‘\ N\ 16 N e
W A R N
R4 70 AN MAN
OO ‘(" L /'.' 1 1 ‘.~\ -l ~~\*.~
0.0 0.2 0.4 0.6 0.8 1.0 ~F
E./E; ~ 2
T ofF
Energies of protons tend to E il 3
be almost equal 0B
ZI -
s 9 Qgk
. Mukha et al., PRL 99 (2007) 182501. O _[
. Mukha et al., PRC 77 (2008) 061303. S
. Mukha et al., PRC 79 (2009) 061301. o '2'0'
N\
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Major advantages

Specific setup for
specific experiments

Unique experiments now and with very

small investments

4 ™ 4 )
Several experiments in one: Extremely thick target: (i) can work with
(i) cocktail beam, (ii) several poor beams, (ii) can move far from
sets of detectors stability in more then one nucleon
knockout
- /
- /
4 N
Based on very high angular resolution and V- ™\
full characterization of all the decay Important synergy effect
products (microstrips + high resolution among components of the
spectrometer for Hl) setup
- / . y




S388 experiment at GSI

YV YV V V V V

2012
Primary 3°Ar beam 8

8 g/cm? primary Be

85 AMeV
target

Second. 31Ar beam 620 AMeV

50 ions s71

4.8 g/cm? secondary Be target

Ar  primary
target

FRS

secondary

neutron knockout
on thick target

beam tracking

__H

secondary

beam: ,,

wedge

[ “Search for 2p radioactivity in 3°Ar” }

|. Mukha et al., PRL 115 (2015) 202501.

{ “Beta-delayed p decays of 3'Ar”

A. Lis et al., PRC 91 (2015) 064309.

secondary target

0

and product tracking

L —

uSSD tracking
system

s

tracking of HI

degrader

. . OTPC
hi-resolution

studies
with stopped
beam

—= 17

Ne or >*S

Mg or *'Ar

\

reconstructed
reaction vertex

transversal
reconstruc-
tion plane




Major
results

week endin
PRL 115, 202501 (2015) PHYSICAL REVIEW LETTERS 13 NOVEMBER 2015

63

Observation and Spectroscopy of New Proton-Unbound Isotopes °Ar and #*Cl:
An Interplay of Prompt Two-Proton and Sequential Decay

I. Mul(ha,]'2 L.V Grigcn'enk.f),'1"4‘2 X. Xu,ﬁ‘l“c’ L. Ac:custa,l3 E. Casarcjos,g ALA. Ciemny,"] W. Dominik,'” 1. Duénas-Diaz,“
V. Dunin,]2 J. M. E.s;]:»incu,13 A. Es;tmdé,"1 F. Farirmn,l A. Fomichev,"’ H. Geissel,l‘5 T. A. Gc;lubkowa,'S A. Gorshkov,"’
Z. Janas,'” G. Kamifiski,'™ O. Kiselev,' R. Knbbel,l‘s S. Krupkc;,3 M. Kuich,'"" Yu. A. Liwinov,' G. Marquinez-Dure’m,11
I Mar(el,” C. Mazzocchi,'"’ C. Nociforo,' A. K. Ordiz,'' M. Pfijtzner,m‘l S. Pietri,' M. Pomorski,'" A. Prochazka,'
S. Rymzhanova," A M. Sénchcz—Bem‘tez,“ C. Schr::idenbcrgc:r,"5 P. Sharc;\f.3 H. Simon,] B. Si(ar,'?'

R. S]epne‘u’,3 M. Stanoiu,lg P. Sm'ﬂen,IR I. Szarkat,IH M. Takechi,' Y. K. Tan.’:lkal,]‘20 H. Weick,' M. Winkler,l

J.S. Winfield," and M. V. Zhukov'

PHYSICAL REVIEW C 91, 064309 (2015)

B-delayed three-proton decay of ' Ar

A. A. Lis,! C. Mazzocchi,"" W. Dominik,' Z. Janas,! M. Pfiitzner,":> M. Pomorski,! L. Acosta,* S. Baraeva,’ E. Casarejos,°
J. Duénas-Diaz,” V. Dunin,’ J. M. Espino,® A. Estrade,’ F. Farinon,” A. Fomichev,” H. Geissel,” A. Gorshkov,’
G. Kamiriski,'>!! O. Kiselev,” R. Knébel,” S. Krupko,® M. Kuich,"!? Yu. A. Litvinov,” G. Marquinez-Duran,’ 1. Martel,’
I. Mukha,” C. Nociforo,> A. K. Ordiiz,” S. Pietri,> A. Prochazka,” A. M. Sanchez-Benitez,”>'* H. Simon,” B. Sitar,'*
R. Slti:pnev,S M. Stanoiu,'® P. Strmen,'* 1. Szarka,'* M. Takechi,? Y. Tanaka,>'® H. Weick,? and J. S. Winfield?

Physics Letters B 762 (2016) 263-270

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Transition from direct to sequential two-proton decay in s-d shell
nuclei

CrossMark

TA. Golubkova?, X.-D. Xu %4 LV. Grigorenko ©"¢* 1.G. Mukha ¢, C. Scheidenberger "
M.V. Zhukov "



M aj or PHYSICAL REVIEW C 97, 034305 (2018)

results

Spectroscopy of excited states of unbound nuclei **Ar and *Cl

X.-D. Xu,"*?* I. Mukha,® L. V. Grigorenko,*>¢ C. Scheidenberger,”*>" L. Acosta,”* E. Casarejos,” V. Chudoba,*
A. A. Ciemny,'” W. Dominik,'? J. Duénas-Diaz,'" V. Dunin,'? J. M. Espino,'® A. Estradé,'* F. Farinon,® A. Fomichev,*
H. Geissel,>? T. A. Golubkova,'® A. Gorshkov,*'¢ Z. Janas,'” G. Kaminski,*!7 O. Kiselev,? R. Knébel,> S. Krupko,“’lﬁ
M. Kuich,'®"® Yu. A. Litvinov,’ G. Marquinez-Durén,'" 1. Martel,'" C. Mazzocchi,'? C. Nociforo,® A. K. Ordiz,"
M. Pfiitzner,>'? S. Pietri,> M. Pomorski,!” A. Prochazka,® S. Ryrnzhanc:mt,4 A. M. Sanchez-Benitez,'” P. Sharov.*
H. Simon,? B. Sitar,?’ R. Slepnev,* M. Stanoiu,?! P. Strmen,?’ 1. Szarka,”® M. Takechi,’
Y. K. Tanaka,*?* H. Weick,® M. Winkler,? and J. S. Winfield?

Deep excursion beyond the proton dripline. I. Argon and chlorine isotope chains

I. Mukha,! L.V. Grigorenko,®% 4 D. Kostylcva,z‘ﬁ‘ﬁ L. Acosta,”® E. Casarejos,” A.A. Ciemny,'” W. Dominik,'”

J.A. Duenas,'! V. Dunin,'? J. M. Espino,’® A. Estradé,' F. Farinon.® A. Fomichev,? H. Geissel,05
A. Gorshkov,? Z. Janas,'® G. Kaminski,'>? O. Kiselev,% R. Knobel,%5 S, Krupko,? M. Kuich,% 10
Yu.A. Litvinov,® G. Marquinez-Duran,'” I. Martel,!” C. Mazzoechi,'? C. Nociforo,5 A. K. Ordiiz,'?

M. Pfiitzner,'?:¢ S. Pietri, M. Pomorski,'® A. Prochazka,® S. Rymzhanova,? A.M. Sénchez-Benitez,'®

C. Scheidenberger,%5 P. Sharov,2 H. Simon,® B. Sitar,'® R. Slepnev,2 M. Stanoiu,?’ P. Strmen,'? I. Szarka,'?
M. Takechi,® Y.K. Tanaka,% 2! H. Weick,® M. Winkler,® J.S. Winfield,® X. Xu.2%%6 and M.V. Zhukov??
(for the Super-FRS Experiment Collaboration)

Deep excursion beyond the proton dripline. II. Toward the limits of existence of
nuclear structure

L.V. Grigorenko." 3 I. Mukha,* D. Kostylcv‘a.,'i“l‘ﬁ C. Scheidenberger,»5 L. Acosta.®7 E. Casarejos,®
V. Chudoba,™? A.A. Ciemny,'” W. Dominik,'® J.A. Duefias,"’ V. Dunin,'? J. M. Espino.'® A. Estradé,'

F. Farinon,* A. Fomichev,! H. Geissel,*% A. Gorshkov,! Z. Janas,'? G. Kaminski,'®! O. Kiselev,* R. Knobel *?
S. Krupko,! M. Kuich,'% 1% Yu.A. Litvinov,* G. Marquinez-Duran,'” I. Martel,'” C. Mazzocchi,'? E.Yu. Nikolskii, !
C. Nociforo,* A. K. Ordiiz.'” M. Pfiitzner,'%* S. Pietri,* M. Pomorski,'” A. Prochazka,* S. Rymzhanova,!
A.M. Sénchez-Benitez,'® P. Sharov,! H. Simon,* B. Sitar,'” R. Slepnev,’ M. Stanoiu,?” P. Strmen,'” 1. Szarka,'”
M. Takechi,® Y. K. Tanaka,*?! H. Weick,* M. Winkler,* J.S. Winfield,* X. Xu,?2%% and M.V. Zhukov?®
(for the Super-FRS Experiment Collaboration)

arXiv:1803.10951v5 [nucl-ex] 6 Sep 2018
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Major results

4 N

New isotopes: 3°Ar, 2°Ar, 30Cl, 2°Cl,
28C|. Spectroscopy. Will be more

- /

4 )

“Phase transition” diagram for 2p
decays and transitional dynamics
and

/

- /

4 N

Limits of nuclear structure existence
for chlorine and argon isotope

o

Spectroscopy and g.s. energy
of 31Ar. Will be more.

~

J

/

chains

- /

o

chlorine and argon isotope
chains

~

New S, and S,, systematics for

/

-~

o

Important synergy effect
among components of the
setup

~

/




Mechanisms of 2p decay defined by separation energies

(A-1)+p (4-2)+2p A A-D)+p (4-2)+2p
4 N
Three major decay A
mechanisms: True i Democratic HQSET
2p, Democratic 2p | There
Sequential 2p /98 T(E,)~(0.2+0.3)F, SHOULD
L - e EXIST
transition
- ~ T2rue oo o - region
Three principal g N Sequential between
parameters: 2% 5 them
T
| | 1 | 1
E. E, T, L
- J
S,<0
br _I’z’:-"f'_ _______ y
A A-1)+p (4-2)+2p A (A-D)+p  (4-2)+2p



29Cl g.s. width from 3%Ar data
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could be very complicated.
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30Ar was found to have transition
decay dynamics
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Strong dependence of the
experimental signal on the g.s.
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New energy systematics

beyond the dripline
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Limits of nuclear structure existence

Beyond the proton dripline:
qguasistationary = stationary for
most of purposes

’E T T T T z'q‘gsc;l T T
bE‘ 1 B '. - 27~ ’ -
5 10 £ m - Gl
o L ST el d
= ' E : : \ l‘ “ 26 ’
= , Ty \ Tttt “ClLd
s s ] —_—. 3
g N : : H III\ v,“ Cl., d
2osf IEHEVERN ]
= U, HEES N
E L N A
2 N

% PR i N\ as °0 in |
= t YR <. / [Grigorenko 2015]
= -:," /‘.-_ “«.‘ 7~

.Jfl _.a°:‘7. Tteeney z 1 i i : L

=
=

-0 2 4 6 8 10 12 14
E or E, (MeV)

4 N
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Synergy at EXPERT

[ By example of 3'Ar g.s. ]
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DERICA - is female name of German
origin with meaning “beloved leader,
ruler of the people”

DERICA - Dubna Electron-Radioactive
Isotope Collider fAcility



Lol: Russian physics review journal Physics-Uspekhi (2018) in print

Scientific program of DERICA — prospective accelerator and storage ring
facility for radioactive ion beam research

L.V. Grigorenko, B.Yu. Sharkov, A.S. Fomichev, A.L. Barabanov, W. Barth, A.A. Bezbakh,
S.L. Bogomolov, V. Chudoba, S.N. Dmitriev, V.K. Eremin, S.N. Ershov, M.S. Golovkov, A.V. Gorshkov,
L.V. Kalagin, A.V. Karpov, T. Katayama, O.A. Kiselev, A.A. Korsheninnikov, S.A. Krupko,
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Abstract. Studies of radioactive ions (RI) is the most intensively developing field of the low-energy nuclear physics.
In this paper the concept and the scientific agenda of prospective accelerator and storage ring facility for the Rl
beam (RIB) research are proposed for the large-scale international project based at the Flerov Laboratory of
Nuclear Reactions of the Joint Institute for Nuclear Research. The motivation for the new facility is discussed and
its characteristics are briefly presented, showing to be comparable to those of the advanced world centers, the so-
called “RIB factories”. In the project the emphasis is made on the studies with the short-lived RIBs in storage
rings. A unique feature of the project is the possibility to study the electron-RI interactions in the collider
experiment for determination of fundamental properties of the nuclear matter, in particular, electromagnetic form-
factors of exotic nuclei.

April 26, 2018. The is project is submitted to

— : Russian Ministry of Education and Science on the
http://aculina.jinr.ru/derica.php call for «Proposals to build “megascience”-class

facilities on the territory of Russian Federation»
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of the delayed ring
program to DERICA
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I'nyGokoysakaemsiit Cepreii Huxonaepuy !

Kak W3BECTHO, B HAIH JHH KIIOYEBBIE OJKCIIEPHMEHTBI B sANEpHOH QH3HKe ¢ MyuKaMu
PaTHOAKTHBHBIX H30TONOB IPOBOAATCA B 3apyGesKHBIX HCCIENOBATEIBCKHX ILeHTpax, Takux kak RIKEN
(SInonus), MSU (CILIA), ISOLDE (Illseiiuapus), GANIL (®panunus) u GSI (lepmanns). JlaGoparopus
spepHbIX peakuuii um. I'H. ®nepora B OMSIM spisercA ONHMM H3 HeMHOrHx mect B Poccuu, rae
NpoBOAATCS TONOOHBIE Hecnenopanus. JlanpHelnee pa3BuTHE B 3TOM HANPABIEHHH 3a CUET CO3NAHHA
coBpemenHO#l (habpHUKM My4KOB paJHOAKTHBHEIX sjep Ha Gase JISIP OMSM Buamrcs coBepllieHHO
€CTECTBEHHBIM H 3aKOHOMEPHBIM.

3amaua MoxeT ObwTe pemeHa B pamkax npoekta DERICA, rne nnarmpyeTcs NPOBOMHMTE
HCC/IE/I0BAHHA, HeoXBaueHHEIE 3apyOexHbMH slaboparopuaMe. Cpeln TaKMX HanpaBieHHH — NPELH3HOHHbIE
HCCIIEIOBAHHA B3aMMOAEHCTBHI NMYYKOB /IEKTPOHOB ¢ PAIHOAKTHBHBIMH AIPAMH ¢ LEIBIO ONpeAe/eHHA
(yHIaMEHTATBHBIX CBOMCTB fAnepHO# Marepuu. OueniHo, yto umenHo JIAP OUSAM mosxer crarh TouKO#H
pocra aisi NpoeKTa Kiacca «mMeracaifieHc», MOCKOJABKY HMEETCS KOIUIEKTHB C JOJNTOJNETHHM OIBITOM
HCCNENOBAHHI PATMOAKTHBHEIX M30TONOB, eCTh KO/IabopaluH C BeAyLIMMH 3anaiHbIMM NapTHEpaMH H
pOCCHICKHMH HHCTHTYTAMH, & TAKXKe TPOYHBIH 3a1en B BHe HOBoro gpparment-cenaparopa ACCULINNA-
2, Ha Gase KOTOPOro MOMKET NMPOXOANTH NOJTANHAA peannsalus npoekra. Baxknoif ocoGenHOCTEIO NpoeKTa
ABNAETCA TO, YTO Ha BeeX aTamax crpoutenbersa kKommieke DERICA moxer HaxomuTeea B pabouem
COCTOSHHH, T103BOTISIA HENPEPHIBHO NIPOBOIHTE Pa3sHOOGPa3HbIE IKCIEPHMEHTI.

HUHAD MIY, Gynyun Oasosodi «xysumuedl kanpos s OWAW, mnoarsepxmaer croiwo
3aHHTEPECOBAHHOCTH B CO3JAHHH IpoeKTa Kiacca «Meracaiiency DERICA (Dubna Electron-Radioative Ion
Collider fAcility). HUMA® MI'Y rotos npHHATE y4acTHE B [UIAHHPOBAHHH H MPOBEJIEHHH KCIIEPHMEHTOB C
HCIIONB30BAHHEM PAJHOAKTHBHEIX ITYYKOB, HAIEJIEHHBIX HA (DyHIaMeHTANLHLIE HCCIEJIOBAHUS B SIEPHOM
(usHKe.

Jupexrop HUMAD MI'Y

npodeccop
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Empty “ecological niche”

Underdeveloped field: Empty field: studies of RIBs
storage ring physics with RIBs in electron-RIB collider

4 Studies of )
electromagnetic
formfactors of
exotic nuclei in

e-RIB collider )

Isochronous mass
spectromentry

} RIB storage ring

Precision reaction

: . electron
studies on internal

storage ring

gas jet target
Atomic physics { Ftc.... }
studies with Radioactivity
striped ions studies with

striped ions




Status of ring projects in the world
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— A lot of ring projects — serious interest to the topic
— All the ring projects with e-collider abilities were
cancelled or indefinitely postponed




Storage ring and e-RIB
collider topic in Russia

Expertize in the field especially at
Dubna and Novosibirsk

Nuclear Instruments and Methods in Physics Research A 637 (2011) 60-76

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

journal homepage: www.elsevier.com/locate/nima

The electron-ion scattering experiment ELISe at the International Facility for
Antiproton and lon Research (FAIR)—A conceptual design study
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DERICA stages 0 -1

Continuity of Minimization of
scientific program technological risks

ACCULINNA-2 and ACCULINNA
experimental halls

Stopped RIB — decay
spectroscopy and

studies in traps
\

Experimental hall EH-A |
~ for lon trap studies

Existing ACCULINNA-2 Experimental hall

Reaction lon
setup source

ACCULINNA-2




DERICA stages 0 -1

Continuity of Minimization of
scientific program technological risks

' ACCULINNA-2 and ACCULINNA

experimental halls

Reactions with
reaccelerated RIBs
around Coulomb barrier
energy (5-7 AMeV)

N

J

Experimental hall EH-A |
~ for lon trap studies ‘
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DERICA stages 0 -1

Continuity of Minimization of
scientific program technological risks

Direct reactions with

—En reaccelerated RIBs at

ACCULINNA-2 and ACCULINNA | intermediate energies
experimental halls (20-30 AMeV)

v

ACCULINNA ¢ Experimental hall EH-C for

| \ intermediate energy
\ high-precision reaction

Experimental hall EH-A |
- forlon trap studies ‘

LINAC-30
10-30 AMeV

! Experimental hall
EH-B for
' Coulomb barrier |
| reaction studies
5-10 AMeV

Existing ACCULINNA-2 Experimental hall

Reaction LINAC-30

ACCULINNA-2
setup source 5-10 AMeV




DERICA stages 2 -4

New experimental
opportunities on
each stage

Experimental hall EH-1:
Application science

Spacious cite for
development

Good upgrade
prospects

LINAC-100 (Ep,: 100 AMeV)

DERICA Fragment
Separator DFS

\elocity filter

-

-

Experimental
hall EH-2: RIBs
15-70 AMeV

|

.

\
Direct reactions with in-
flight RIBs at intermediate
energies (30-80 AMeV)

~

World-leading intencities
are expected for this energy
range

- )




DERICA stages 2 -4

New experimental
opportunities on
each stage

Experimental hall EH-1:
Application science

Spacious cite for
development

Good upgrade
prospects

LINAC-100 (Ep,: 100 AMeV)

DERICA Fragment
Separator DFS

\elocity filter

Experimental
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- Gas cell - lon trap
- Charge breeder

Stopped RIB — decay
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J
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5 =300 AMeV




DERICA stages 2 -4

Spacious cite for

New experimental development

opportunities on
each stage

Good upgrade

prospects

Experimental hall EH-1:
Application science

LINAC-100 (Ey:

DERICA Fragment
Separator DFS

Velocity filter Synchrotron FRR:

Fast Ramping Ring

Egig < 300 AMeV

- Gas cell - lon trap
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Experimental
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ring experiments
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DERICA stages 2 -

4

Spacious cite for

New experimental development
opportunities on
each stage Good upgrade
prospects

Experimental hall EH-1:
Application science

LINAC-100 (Ep,: 100 AMeV)
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\elocity filter
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Synchrotron FRR:
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- Gas cell - lon trap
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Experimental
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Stage 2: Buildings, LINAC-100, DFS, EH-1, EH-2
Stage 3: LINAC-30 relocation, FRR, EH-3
Stage 4: CR, e-RIB collider, ring experiments
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DERICA stages 2 -4

Spacious cite for
New experimental development

opportunities on
each stage

Good upgrade
prospects

Experimental hall EH-1:
Application science

e-RIB collider
experiments

LINAC-100 (Ep,: 100 AMeV)

DERICA Fragment :
Separator DFS Gas je::arget
Fast Ramping Ring p,d,**He
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Advantages of the proposed faclility

[ Unusual facility layout }

Ordinary approach 1:
ISOL RIB production ->
problem to reaccelerate RIBs

Ordinary approach 2:
In-flight RIB production ->
Problem to stop/cool RIBs

DERICA approach:
In-flight RIB production + RIB “cooling” in gas
cell + reaccelerated RIBs up to 300 AMeV

4 Staged development
- Continuity and flexibility of
the research program

- Low technological risks

- Highly upgradable facility

Qesign

~

4 Unique opportunities

- World most intense RIBs with
intermediate energy (20-70 AMeV)
for reaction studies

- Reaccelerated RIBs up to 300 AMeV

Ke-RIB collider experiment

~

o
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Collaboration opportunities with FLNR

Personal interest: few-body /Theoretical studies are

dynamics in light exotic nuclei experiment-motivated.

Between theory and
experiment

\ /

Experimental program and

instrumentation development

for ACCULINNA-2@FLNR _ Experimental program and
instrumentation development

for EXPERT@FAIR

4 N
DERICA developments — long-term DERICA workshop
prospects for the whole Russian 4-5 or 7-8
. low-energy nuclear science ) February 2019
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