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“BHyTpeHHMEe” Tpex4yacTUyHble Koppenaumnm

2-body decay: state is defined by 2
parameters - energy and width

Ill

2-dimensional “internal three-body
correlations” or “energy-angular correlations”

&=E/E, cos(0)=(.k)kk,

“T” and “Y” Jacobi systems reveal different
dynamical aspects

Three-body variables in coordinate and in

momentum space.
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3-body decays: 2-dimensional
“internal” 3-body correlations
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Common properties of

correlations for true 2p decays

> Energy correlation in the core-p channel well

> Energy correlation in the p-p channel in the s-
d shell nuclei quantitatively depend on the

> Energy correlation in the p-p channel in the
p-f shell nuclei qualitatively depend on the
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corresponds to original prediction of

Goldansky: energies of the emitted protons

tend to be equal.
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How can we use the correlation
information?
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Miernik et al., PRL 99 (2007) 192501
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°Be -> a+p+p correlations

on resonance
R. Charity and coworkers, MSU

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

> High statistics (~106 events/state)
> High resolution

» Nice agreement with the previous
(Texas A&M, Dubna) experimental data
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Events / (46 keV)

°Be -> a+p+p energy evolution of correlations

@
6 " ”
Be as a “benchmark” system for |. Egorova et al., PRL 109 (2012) 202502
three-body decays
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Long-range character of three-body 6Ne g.s., E,= 1.466 MeV
Coulomb by example of ®Ne

10’ P — Exp
> New level of experimental precision. MSU 2013: > ' Theory J* |
*Ne populated in n knockout from "Ne g _______
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» The energy distribution in “Y” Jacobi system only =

reproduced for extreme range of calculation
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How to treat 2p radioactivity

[ Rigorously nontractable problem of the 3-body Coulomb continuum }

[ Practical solution: approximate boundary conditions }

P Any approximate Diagonalized Classical
box i ) i
scattering hyperspherical extrapolation

Nuclear | Subbarrier “Abovebarrier” | Asymptotic
interior region region region

- p

P ~20-30 fin  Pp=30-100 fm  p,. ~1000-5000 fm P> 50000 fin

Energy, internal Resonant width 3-bod.y PreC|S|.on
structure correlations correlations




MaArkmne moabl Bo3byKaeHunA (MArkasa AunosibHaa moaa)

A low-energy split-off of the Giant Dipole
Resonance, connected with separation of

scales of radial degrees of freedom

Soft dipole mode - radius of halo vs.
radius of core
Pigmi — resonance - radius of neutron
skin vs. radius of nuclear bulk

E1 strength function

Pigmy resonance/
soft dipole mode

| SO halo/skin
O
(s

Giant dipole resonance

-
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Existance of soft dipole mode

radiative capture rate in
astrophysics

strongly influence the nonresonant
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Three-body radiative capture reactions: where and why?

proton num

neutron number N

r-process

[ «Waiting points» bypass J

2p

I()Mg

ZOM g

21Mg

19
Na

**Na

Extreme pressure and temperature.
“Classics”: a+o+o-> 2C+y.
R-process nucleosynthesis: 2n capture.

Rp-process nucleosynthesis: 2p capture.

Modes of 2p and 2n
radiative capture

1
*Ne

“Ne

Sequential Direct Sequential Direct
resonant resonant nonresonant nonresonant
capture capture capture capture

§§]
4-1 4-1 A-1 A-1
WE)
14 14 4 14
ME) A4-2 A-2 A-2 A-2

| Y v |
Proton threshold A A A A
Reverse to Reverse Reverse to soft

sequential  to true 2p dipole mode

2p decay



Radiative capture reactions: three-body vs. two-body

“Classical” way to determine the three-body
capture rate [Fowler, Annu. Rev. Astron.

Modes of 2p and 2n radiative capture

Astrophys. 5 (1967) 525] and recent review Sequential Direct Sequential Direct
resonant resonant nonresonant nonresonant
[Angulo, Nucl. Phys. A 656 (1999) 3—183]. capture capture capture capture
[§§]
A+Ar+A3—> Ais+y, A‘l__ A-1 A-1 A-1
[§§]
(GA142.(A1A2)V)' ' = L
(OAAdsy V)= T, L (oA A Ay V) "
(A1 Aq).i y y y y
ME) A2 4-2 A-2 A-2
' X X A
Is essentially quasiclassical as it is Proton threshold A A 4 A
based on the classical “chemical
equilibrium” equations Reverse Reverse to
Sequential to true soft dipole
2p decay mode

- (i)
Yaa) =Nap (UAIAZ-(AIA?,)V)i Ya Ya, Problems:
(i)
— Ua1az).i Y(A1A2) ’

g (i)
Y(a14243) = Z Nap (U(Alf'-z)f‘\z«}’ V)i Y(AIAZ)YM ’

(i) “Classical” expression does not contain direct resonant capture.
Solved in [Grigorenko and Zhukov, PRC 72 (2005) 015803]).
(i) “Classical” expression for nonresonant capture rates can

not be calibrated: violation of E1 sum rule is possible.



Problem of three-body Soft Dipole Mode (SDM)

Experiment Theory

[Nakamura, PRL 96, 252502 (2006)] [Grigorenko, PRC 102, 014611 (2020)]

1 °He

T ' 1 ' ' ~ = = - [Cobis, 1997]
¢ Present work (RIKEN) 0.5 h(a) ....... [Danilin, 1998] d
----- leki et al(MSU). 0.4k [Descouvemont, 2012] |
151 — Shimoura et al.(RIKEN) T i ’-'-_ ----- Projection lower |
- -~ Zinser et al.(GSI) 03l 3y N =s=++2=+ Projection upper |
Calculation ’ Supersym. lower |

with nn correlation _| — - - = [Bacca, 2002]
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L e | eettea,  seeees [Lay, 2010]
%90 05 10 15 20 25 30 0.3 ' ,-" e . s [de:-Diiezo, 2010] |
Erel (MBV) ' b

0.2

There was no reliable understanding it
b B O TR [Mikami, 2014]
[Singh, 2016]
0 1 2 3 4 5
E, (MeV)

dB /dE, (¢‘fm’MeV) dB,/dE, (¢‘fm’/MeV)

of three-body SDM phenomenon.

Neither experimental nor theoretical.



Problem of three-body Soft Dipole Mode (SDM)

PHYSICAL REVIEW C 102, 014611 (2020)

High-precision studies of the soft dipole mode in two-neutron halo nuclei: The *He case
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2 National Research Nuclear University "MEPQI™, 115409 Moscow, Russia
}National Research Centre “Kurchatov Institute”, Kurchatov sq. 1, 123182 Moscow, Russia
‘Bogoliubov Laboratory of Theoretical Physics, JINR, 141980 Dubna, Russia
*Department of Physics, Chalmers University of Technology, 41296 Giteborg, Sweden

M (Received 30 March 2020; accepted 24 June 2020; published 14 July 2020)

Physics Letters B 807 {2020} 135557

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Three-body vs. dineutron approach to two-neutron radiative capture n
3 6 Chack Tor
in "He |

L.V. Grigorenko ®™¢* N.B. Shulgina“‘, M.V. Zhukov®

Physics Letters B 817 (20200 135852

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physleth
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capture A |
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E1 SDM strength functions for 2n and 2p processes

Three-body E1 dissociation Three-body E1 dissociation
He -> “He+n+n “Ne -> PO+p+p

- () = ===<[Cobis,1997] |

% 0.5 ' @ ~ I [Danilin, 1998]

E 04k K [Descouvemont, 2012] | T T T v T v T T T T

o : o Projection lower 52 :

g [ : t":.". sussssese Projection T = 501 g : da * [Margamec 2016] ]
£ o} S i ST @ T o

- i 3 =+« = [Bacca, 2002] | 401 ¢ ¢ { ........ Casal 20161 1
g 02 = g [Casal 2016] 7
S0l B 000 . = :

$ o £k

0.0 =1 — ~ 20 :

o (b) === This work = == [Myo, 2001] BT

> 04f S, R [LaifEOI{}] Eé - 3

p= e [de Diego, 2010] = 10t @

g 03F 7 ¢ K : v-% i i 3

O 0 PP/, SRILALTS

| e ) 0 2 4 6 8 10 12
=

;.!i 0158 f 2 oo [Mikami, 2014] E; (MeV)

[Singh, 2016]
= 0.0 i 1 N £ E,A L .~ 1 i
0 1 2 3 4 5
E, (MeV)

Qualitative changes
compared to previous works



Astrophysical 2p and 2n nonresonant capture rates improved

Nonresonant 2n
*‘He+n+n -> ®He +y

107F = = 3b [Grigorenko, 2020] / ;
e dineutr. ¥y, = ~14 MeV ’ :
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Orders of the magnitude
improvements compared
to previous works

Nonresonant + resonant 2p
PO+p+p -> "Ne + vy
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JINR prize 2017 in experiment!

PHYSICAL REVIEW C 96, 025807 (2017)

Search for 2p decay of the first excited state of I"Ne

P. G. Sharov,">" A, S. Fomichev,"* A, A. Bezbakh,"* V. Chudoba,'* I. A, Egorova,>* M. S. Golovkov,"* T. A, Golubkova,®?
A. V. Gorshkov,"? L. V. Grigorenko,'-# G. Kaminski,"? A. G. Knyazev,"* S. A. Krupko,> M. Mentel,"'” E. Yu. Nikolskii,"!
Yu. L. Parfenova,'»!! P. Pluchinski,'? S. A. Rymzhanova,? 8. I. Sidorchuk,' R. S. Slepnev,' S. V. Stepantsov,'

G. M. Ter-Akopian,"* and R. Wolski'?



ANC3 development: Analytical formula for

2p non-resonant astrophysical

capture rate

o ) Fully analytical compact expression for 2p capture
Energy distribution between Y Y P P Peap
3/2 3
captured protons =( 2 An ) (2” ) 2J+1
p p (sz,y\f) A1ArA3 mkT ) 212Ji+1) [e(T),
. T T T T 16}? dB E E
2 10} IE(T)zde = E; ;IE( )exp [_ﬁ] ,
E 0.8 ; Phase vol. 7 3 Er 23‘TE§EE’J2
5 y E, (MeV) IE(T)OCde'I'(Eb'i'E'I‘) I.(ET)exp [—ﬁ] — W
% . ¥ 1.0 2 2/3
< fiit === 0. 1+ Eg/Eqy ("(::c) (1+Eg/Ep) ~) [_ 2 }
Q; 04} L 0.01 & 1+ Ec/Ep fo™ + 1—&oEg/E; 2) ap (kT)1/3 )’
% 0.2 ; . =_ \ (;- 048 Eo— (]/kT)zﬁ 4 =7rZsh82\x M/2, mns= '.V/\/E
s} s Ly N
Rl e T e VL T Robust replacement to a very bulky

&= Ecﬂre-p‘f]ET: E.\"(ET

Highly correlated character of the low-energy 2p

capture, analogous to Goldansky correlations in 2p

radioactivity.

Lead to wierd low-energy asymptotic

dBE1
dET

5/4

ocET

exp(—27 nsp)

and complicated 3-body calculations
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Very precise in a broad range of temperatures



Two- (and more)-neutron radioactivity search prospects

L.V. Grigorenko, |I.G. Mukha, C. Scheidenberger, and

M.V. Zhukov, PRC 84 (2011) 021303(R)

Energy conditions for true 4n decay
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Long-living true four-neutron decay
states are most probable.

Nearest candidates for 4n radioactive
decay: ’H, ®Be, 220




2n radioactivity in 2°0 ?

week ending
12 APRIL 2013

PHYSICAL REVIEW LETTERS

PRL 110, 152501 (2013)

Study of Two-Neutron Radioactivity in the Decay of 200

7. Kohley."z'* T. Baumann,' D. Bazin,' G. Christian," P. A. ]'_‘.'c‘f’rmng,J I.E. Finck,> N. Frank,® M. Jones,'”

E. Lunderbcrg.'i B. Luther,” S. Mosby‘]"‘ 13 Nagi." J.K. Smith,"* 1. Snyder.l"‘ A. Spymuj"‘ and M. Thoennessen'™

'National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
*Department 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
*Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, USA
SDepartment of Physics and Astronomy, Augustana College, Rock Island, Ilinois 61201, USA
"Department 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 0 — 0 + 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 **0 was extracted
as 4.5} lstat) = 3(syst) ps. This corresponds to *°0 having a finite lifetime at an 82% confidence level
and, thus, suggests the possibility of two-neutron radioactivity.
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L.V. Grigorenko, |.G. Mukha, M.V. Zhukov,
PRL 111 (2013) 042501
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Importance of fine
three-body effects

2p radioactivity:
Core recoil — negligible
Paring - factor 200-500

2n radioactivity:
Core recoil — factor 5-10
Paring - factor 2000-10000
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Extreme low-energy decay of 20 should

be inferred
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2n radioactivity in 2°0 ?

L.V. Grigorenko, |.G. Mukha, M.V. Zhukov,
PRL 111 (2013) 042501

week ending
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2p radioactivity:
Core recoil — negligible
Paring - factor 200-500

2n radioactivity:
Core recoil — factor 5-10
Paring - factor 2000-10000

A new technique was developed to measure the lifetimes of neutron unbound nuclei in the picosecond
range. The decay of 0 — 0 + 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 **0 was extracted
as 4.5} lstat) = 3(syst) ps. This corresponds to *°0 having a finite lifetime at an 82% confidence level
and, thus, suggests the possibility of two-neutron radioactivity.

Importance of fine
three-body effects
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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)

Energy conditions for true 4n decay
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Long-living true four-neutron decay
states are most probable.

Nearest candidates for 4n radioactive
decay: ’H, ®Be, 220




Can it be useful to study 5-body
correlations (4N decay)?

Pauli-focusing for “true” 4N
emission
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Pauli focusing in coordinate space 0* states

26() [dz]o
6He [pz]o 4SFe [f2]o pr—

10 @

Y [core-{pp} distance] (fm)
Ln

X [core-p distance] (fm)

Dineutron approximation structure [I?],



From Pauli focusing in coordinate space to correlations

in momentum space. Decay.

Model validity:
Fast “direct decay
to continuum”

Model validity:
Sequential decay
via long-living

states
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“Minimal” direct decay model for true 4N+core decays
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“Pauli focusing” in true 4N+core decays. 2D energy distributions

ol 0
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0
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Ec'nj Ec'n, Ec"nl 8;1,:13 £”|H2

Full set of correlated 2D distributions
form a unique fingerprint of the decaying
guantum state

Much more informative
situation than in 3body decays



“Pauli focusing” in true 4N+core decays. 2D angular distributions
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Full set of correlated 2D distributions
form a unique fingerprint of the decaying
guantum state

Much more informative
situation than in 3body decays
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Competitive light nuclei RIB program at FLNR

- )
Intermediate energy reactions

(20-70 MeV/nucleon)

( 2\

Transfer reactions

N A

Missing mass, invariant mass,
combination

L Lower energy — better resolution ]

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

Ve

A\

Knockout reactions
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|

Only invariant mass (exclusion (p,2p)
reactions

|

13B
(- 3p)|
IOBe 12Be
| | (-2p)
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Ve HHC)
°He fHel ["He| Jiope

(d,p)

(tp)

Importance of

complementary
reaction studies




CMS correlations of the recoils or products

do/dQ (arb. units)

I
[u—

0.01}

O

For fixed energy of the
product transferred
momentum q and cms
angle are trivially

\_ connected Y,

4 N

Simple systematics of
diffraction minima
and maxima as
function of the

momentum transfer

(& v

Opportunity of spin-
parity identification
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Example: ¢Be studied in the ®Li(p,n)®Be -> a+p+p reaction

9]

U A. Fomichev et al., PLB 708 (2012) 6

do/dQ) (arb. units)
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Isovector Soft
Dipole Mode
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Correlations in the “zero geometry”
reactions populating continuum states

Correlations in the zero geometry transfer reactions.
Classics of alpha-cluster state studies
First alpha-particle is measured at zero angle.

YV V V V V

Then for second alpha-particle the angular distribution is
|P,%(cos0)> where L is angular momentum of

intermediate state.

Then completely aligned intermediate state is populated.

Prof. M. Golovkov

pioneered this

approach for RIB

research



Example: of °H studied in 2H(®He,p)°H -> 8He+n reaction:
From correlations to spin-parity identification

M.S. Golovkov et al. PRC 76 (2007) 021605(R)
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> Dueto M =+ 1/2 population the interference leading to backward-forward asymmetry is
possible only for {s,,-p,,, P,-ds, Py, -dy), ) interference patterns

» Low energy distributions s, , - p,,interference - p,,

»  Distribution £ > 3.5 MeV: higher polinomial - d-wave. Asymmetry - d;,

» Set of states is uniquely identified as {s,, p,, ds,}



Experimental prospects at ACC-2

"He studies with
decisive precision in
8He(d,p) reaction

[ ’He preliminary data }

3500
>3000
e =
=2500f

"He studies with J00g
decisive precision in b
*He(d,p) reaction 2 oaf

/—— 3/27 *He(0%) +n::

'°Li correlations never 3 60
=
3/27 *He(2*) +n]

studied in °Li(d,p) = 60}

reaction T o 1l 2 3 4 sl 7 8 o
E(?He)(MeVI)

1
[ Transition ps, =  piz > p32(2) 1
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Correlations in the direct reactions populating continuum

e ™
2-body decays: are defined by 2

parameters - energy and width
\. J

s N
2-body reactions: additional
“external” correlation angle 6

p

\

3-body decays: 2-dimensional “internal” 3-body
correlations: {k /k , 6,}

/

/

3-body reactions: additional 3-dimensional “external”
correlations described by Euler {a,p, ¥}

T

Q_)Qfl:{gaqb}a

Q — Qs = {¢&, x, 2y} = {&,0k, 2, B,7} .




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

W(E) (arb. units)
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A.A. Korsheninnikov, M.S. Golovkov, 2004,
2001, ®He(p,2p)°H Pioneering correlation
Discovery of °H at FLNR studies

|

o

b

®

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: °He studied in the 8He(t,p)°He -> 8He+n+n reaction

Counts/500 keV

Counts (arb. un.)
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“Conundrum nucleis” second double magic in
nuclide chart

~

-
Discovered by Korsheninnikov et al. in 1994 in

RIKEN giving E;=1.2 MeV

M.S. Golovkov et al., PLB 672 (2009) 22
S.I. Sidorchuk et al., PRL 108 (2012) 202502

»  Three-body correlations were studied in °H
basing on outstanding statistics. Can be
something useful done with really exotic
systems and limited statistics?

New ground state
energy for °He:

Shell structure
breakdown in

E.=2.0-2.5 MeV %He




Example: ®Be studied in the °Li(p,n)®Be -> a+p+p

9]

V. Chudoba et al., PRC C 98, 054612 (2018)

0y, (deg) counts (10%)

do/dE, (arb. units)

Oy, (deg)
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—
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—
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901

45

From known level scheme to complete
guantum mechanical information
(density matrix parameters as
function of energy and cm angle)
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250- X =TS8
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1 2
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600 230 9 600- ,2_q7
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Yo (radf 0, (rad 6, (radf

TABLE I. The best fit to experimental data of density matrix parameters for different { Ev, 0.} ranges. The fits were found
using the figures with @, distribution for all six configurations of the theoretical model.

Er (MeV) Op.€(45,60)° fp.€(60,75)° Op.€(75,90)° fp.c(90,120)°
1.4-1.9 AL; @02=135" AL + 50% NA; ¢g2=180° AL; po2=180° AL + 20% NA; ©02=180°
1.9-25 AL + 50% NA; o2=135° NA + 10% AL; 02=180° NA; pp2=180° AL + 10% NA; po2=90°
25-31  NA + 10% AL; 00a=180° AL + 10% NA; ¢02=180° NA + 30% AL; 02=90° NA; po2=135°
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Example: ®Be studied in the °Li(p,n)®Be -> a+p+p reaction

Isovector Soft Dipole Mode
identification

[0)]
[ A. Fomichev et al., PLB 708 (2012) 6 [

For positive parity states
perfect agreement with
theoretical predictions

The three-body
correlations for soft dipole
excitations observed for

[AI=090+] [AI=292+] [AI=191'] the first time

04 06 08 10 00 02 04 06 08 10
& &




Isovector Soft Dipole mode in ®Be

Cryogenic
p target

e 10, Exp. data
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A.S.Fomichev et al., PLB 708 (2012) 6.
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» 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 WF

Strength function (arb. units)

> Built on the spatially
extended °Li g.s.

E, (MeV)



’H and °H studies summary

Events /0.8 MeV

Events/0.8 MeV

Events /1 MeV  Events/1 MeV

Events / 1.5 MeV

Lorentz, £, =

5.5, =1.5 MeV

201
a _
(@) Eo5y 100
15k r=1.5MeV
Ground state = =5uUm exp.
E.=22MeV bias corr.
10r 0.5
St
0 == e 0.0
30F (b) —— ;=545 T =075 MeV | 10
25p- - BET6 L e E~76 |
=2.7 MeV = 0.9 MeV
201 - Sulm, =y P - 1 | E e L1 sum, exp.
154 bias corr. bias corr, | 0.5
Ground state =
10+ E,=22MeV
S5t Y
[ P g e imii S ! N 0.0
2 3 4 5 6 7 8 9
E; (MeV)
w T T
o0k wwase 2-b. p.v
40} *He-'H ety
20+ F iRt
(b) aet " praranas £ =68 MeV
0 e e r-5.5MeV
60F ..o 4bpv
40 *He-'H
20+ -==- E, =45 MeV
(c) _—— ee E =68 MeV
0 At h’:‘; """ e
Bt

12 14 16

do/dE; (arb. units)

do/dE; (arb. units)

—'Hg.s.
at 1.8 MeV

— Resonant states
at 5.5, 11 MeV

— Possible resonant
state at 7.5 MeV

—No ®H g.s.
at 2.6-2-7 MeV

— Resonant state
at 6.5 MeV

— Possible resonant
state at 4.5 MeV

B

E.("'Z, .+n) (MeV)

Excitation spectra relative 3H

ground state

104
8_’ (3/2° )
' 5/2°43/2" o
bi[ | . () Kt
' s (512
4 0 (>/2)
- 2 ..e;;.....c'.c" v
= T uz“"”f (172"
0 l"fz Il"—';'/’/T/ 1 1 1
‘H+4n “H+3n °H+2n ‘H+n 'H
64 1° )
0— ()
5/2°
4,
. 9]
2 1/2
21 1/2
3/2°
LU 312
0 4 1 6 1 i 1 7 1
H H “He He

Analogies in the excitation
spectra relative 3H and °H, *He

and °*He ground states
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°H data and SpECtrU m Excitation spectra relative 3H ground state

Background-subtracted, efficiency corrected . AN
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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

Identification of heavy
fragment excitations by
target area y array

GADAST

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

Degrade the heavy
fragment energy

#1(Z-2)

knockout

Beam

Radiation-
-hard SSDs

for beam
diagnostics

W,

N/

uSi tracking
detector system
for light charged
particles

NeuRad
High-angular

resolution neutron

detector

@ A2(7-1)

Warsaw OTPC

Radioactive particle
emission for stopped
reaction and decay
products

(&)

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

MC simulation

framework

to interpret the
correlation data with
incomplete kinematics
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a8 opportunity to decay
0 . . . point
5 investigate particle
2 o . tracking
% radioactivity in fs-ns Two-protm oot
2 .
> lifetime range (1) Fragmentation
.E in the target
S (2) exponential "tail" due
o . to decay in the flight
e HOWEVER. Found to be well suited for ,/
— spectroscopy >
Coordinate along trajectory
T Not an invariant mass
measurement: only transverse
3 momentum distributions
©
(S
(V)
©
>
O
o
=
.
-

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




MajOr resu |tS for PRL 99, 182501 (2007) PHYSICAL REVIEW LETTERS zx(‘f\??s'f\&';'g}{"gzmn
2 OO 7 ex p e ri men t Observation of Two-Proton Radioactivity of "’Mg by Tracking the Decay Products

I. Mukha,"* K. Siimmerer,” L. Acosta,® M. A. G. Alvarez,' E. Casarejos,” A. Chatillon,” D. Cortina-Gil,* J. Espino,’
A. Fomichev,” J. E. Garcia-Ramos,” H. Geissel,” J. Gémez-Camacho,' L. Grig_orenko,"”r"2 J. Hoffmann,” O. Kiselev,™’
A. Korsheninnikov,® N. Kurz,? Yu. Litvinov,? . Martel,’ C. Nociforo,” W. Ott,”> M. Pfutzner,® C. Rndn’guez-Tajes,"
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Major results for 2007 experiment

-

New isotope: °Mg. Spectroscopy.

~

. /
4 N
The lightest 2p radioactivity case —
ground state decay of *Mg.

. /

-

-

Spectroscopy of *Ne, ¥Na, *F.

~

/

-

o

First correlation studies in the
s-d-shell 2p emitters

~

/
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Major results for S388

-

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

o

~

/

-~

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

o

~

J

-~

for chlorine and argon isotope
chains

o

Limits of nuclear structure existence

~

v

[ Beta-delayed 3p decay of 3'Ar. }

4 I
Spectroscopy and g.s. energy
of 31Ar.

N /
4 I

New S and S, systematics for

chlorine and argon isotope
chains

o s

4 N

Important synergy effect
among components of the
setup

o v
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DabprKM pagmnoaKkTUBHbIX N30TOMOB

”BTOpOro nokosneHma” ~ 1985-2007 rr
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However,
even bigger...

HIAF China
(see, FAIR)

Horizontal size of the
slide ~1 km

Kutanupbl ctpoem
no GSI| xogunu...

RAON
Korea
(see. FRIB)

Ho6enesckyto npemuto!
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B coBpemeHHOM BMAE PU3MKa PaaNOaKTUBHbBIX M30TOMOB
yTBepAannachb B Hayane 1990. A yto y Hac?

[ NNAP OUAN: YckopuTenbHO-HaKonuTeNbHbIM Komnaekc K4-K10 1

HAKOMUTENLHbIM KOMIMEKC
TAXKENbBIX MOHOB K4-K10

f ! 4 " .

: | 1 L |
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Yu. Ts. Oganessian et. al., i, : . B
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[ Cynepkonnaiigep B MNpoTBMHO 1 [ HeuTtpoHHbIM KomnaeKke UANU, Tpouuk 1

[ Peakrtop MUK, NTYMHA }




KpynHble HayuyHble/npuKnaaHbie NpoeKTbl B PP

YV VY

YV VY

Komnnekc cBepxnpoBoAALMX KOeL, Ha BCTPEUYHbIX MyYKaX TAXKENbIX
noHoB NICA («Komnnekc NICA»)

MeXAyHapoaAHbIN LLEHTP HEUTPOHHbIX NCCNed0BaHUM Ha base
BbICOKOMOTOYHOrO uccneaoBatenbckoro peaktopa NNK (MUHU MAUK)

ToKaMaK € cUAbHbIM MarHUTHbIM nonem (Uruutop)

YCKOpPUTENBbHbIA KOMMNNEKC CO BCTPEYHbIMMU 3NEKTPOH-NO3UTPOHHbIMU
nyykamu (Cynep Yapm-Tay ¢pabpuka)

MeXAyHapoAHbIN LLEHTP UCCAe0BaHUMN 3KCTPEMAIbHbIX CBETOBbIX
nonen (LUN3C)

PEHTreHOBCKNIA MCTOYHUK CUHXPOTPOHHOIO U3/Ty4EHUA YETBEPTOrO
nokonenunsa (CKUD)

Pagunorpadunyeckni ueHTp (CHEXUHCK)

TAXKE/NIOMOHHbIN YCKOPUTENbHO-HAaKOMUTENbHbIA KOMMNJIEKC ANA
TeCTUPOBaHUSA 3NeKTPoHUKK (Capos)



MPUHA (MUA®D)

Ana usotonos NnpousBoAUMbIX
metoaom ISOL — peKkopaHble B
MUpPE UHTEHCUBHOCTHU

B ctopoHe ot 3agau MUK,
MaNo MmecTa ANA Hay4HbIX
MHCTPYMEHTOB




LINAC-100 + DFS
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Empty “ecological niche” in modern
low-energy nuclear physics

storage ring physics with RIBs

[ Underdeveloped field: } L Empty field: studies of RIBs

in electron-RIB collider

|

RIB storage ring

Isochronous mass
spectromentry

Precision reaction
studies on internal

-

Studies of
electromagnetic
formfactors of
exotic nuclei in

e-RIB collider

~

J

electron
storage ring

Etc.... }

gas jet target
Atomic physics [
studies with Radioactivity
striped ions studies with

striped ions




DERICA —
Dubna Electron Radioactive lon Collider fAcility

|

Facility with world-unique scientific program

Underdeveloped field:
storage ring physics with RIBs

Empty field: studies of RIBs
in electron-RIB collider
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ECTb YTO noynTaThb http://derica.jinr.ru/
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[TpoBepuThk: Front end LINAC-100

ONCCHOIEY  coctions to be built RFQ accelerator Challenges of LINAC-100 front end
beam trans 3 RFQ st instance
port__- <ng in the firstin® e ~ ~
line (LEBT) for testin® - Ca beam ~“3 emA, Ubeam ~1emA
- Practically “lossless” RFQ operation

Design: T.V. Kulevoy,
G.N. Kropachey,
ITEPh, Moscow
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LINAC-100
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Challenges of LINAC-100 design

- Ratio of normal/superconducting

- Strippers (1,2 ?), stripping energies

- Acceleration of several charge states

- One or two front ends

- Ca beam ~“3 emA ~300 ppuA 1500 kW beam
-Ubeam ~1emA ~30 puA 600 kW beam

KLossIess operation J

Design: S.M. Polozov, MEPhI

“Recovery” of RF
superconductivity
technology in Russia

Production: V.G. Zelesski,
FTI NAB, Minsk
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Challenges of DERICA fragment separator

-

temperature design requested

- Momentum acceptance is AP/P
- Resolution is P/AP = 1500-3000

- Ca beam

- Not well investigated energy rangy — 100-160 AMeV

- Room

+3% (FWHM)

~3 emA ~250 ppA 1500 kW beam

/

~1emA ~30 ppA 600 kW beam

U beam

2

S

Yavor,

M

Design
IAP RAS, St.-Peterburg

D

|

[ Beam dump problem

Main separator

Preseparator

64 m

28 m

Selparating

Degrader

Main separator, mode |

aperture

Separating
aperture

Primary-beam 7
quencher

h
|

Low-energy buncher
for ISOL program
[
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Ring branch design
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Design: P.Yu. Shatunov,
I.A. Koop, BINP, Novosibirsk

ﬁhallenges of DERICA ring branch

- 3-4 rings of different types

- Three ion storage rings are to
be equipped with electron
cooling system

- Novel developments for
electron spectrometer may
make scientific objectives of
the DERICA project easier to

&chieve
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3aKan4yeHue

Ceaska mogepHusmpoBaHHbin U-400M + ACCULINNA-2 «kpenkasi» ycTaHOBKa
«npeablayLero» rnokKoneHus:.

- MectamMm Mbl CNOCOOHBLI WMMETb pekopaHble unu  Onuskne K TOMy
NHTEHCNBHOCTN Ny4ykoB PU 1 yHUKanbHblE BO3MOXHOCTU (TpuTnin). 1 cnocobHbI
pellaTb 3a4adun Ha fnyyemM MUPOBOM YPOBHE.

- OpneHTnpoBOYHO 5-7 criegyrowmx net. [1o maccoBOro BCTYMSIEHUA B CTPOU
dabpuk pagmMoakTUBHbIX N30TOMOB CIIEAYHOLLErO MOKOSIEHNA.

/ \ / YT106bI «3010Taf OCEHb» He nepeLluna B \
9TO He Pa3rpom, XapaKTepHbIN COCTOfAHMe «3uma 6an3ko» Heobxoammo
ANA MHOTMX obnacrem pa3BUTUE NepcneKTUBHOM 6a3bl puUsnkm
0OTeyeCcTBEeHHOMN HayKHu, 3TO PaAN0aKTUBHbIX U3OTOMNOB — MOLLHbIX
«30/10Taf OCEeHb» COBpPEMEHHbIX YCKOPUTE/IEN TAXKENbIX

K / K MOHOB /

MpopabartbiBaeTca KOMNEKc U3 “peKopAaHOro” BbICOKOTOUHOTO HENMpPepbIBHOTO
pevicteua LINAC-100 u “rennbin” gByxcraguitHbii pparmeHT-cenapatop DFS




Collaboration opportunities with FLNR

|

Personal interest: few-body
dynamics in light exotic nuclei

Experimental program and
instrumentation development
for ACCULINNA-2@FLNR

-

DERICA developments — long-term
prospects for the whole Russian
low-energy nuclear science

~

Theoretical studies are
experiment-motivated.
Between theory and
experiment
\_ P Y

Experimental program and
instrumentation development
for EXPERT@FAIR

Cratyc MHOrunx
NPOEKTOoB
NPOACHUTCA K
. Hauany 2023 )
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