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“Main directions of research
: « detailed study of already known superheavy elements;
; »  attempt to synthesize elements 119 and 120.

sy e —— Main directions of research:

« aimed at experiments on nuclear and mass
spectroscopy of SHE as well as at studying their
chemical properties.

AAW ™ T "R — T

RIB’s at the U400M cyclotron (Under modernization.
~ Scheduled to be back in operation in 2024)

AT

Modermzed COREST set-up

Main directions of research:
« Study of the structure of exotic nuclei near and beyond the neutron
drip-line in the direct reactions

Main directions of research:
* Dynamics of heavy-ion nuclear reactions




FLNR Accelerator Complex 8000 g BU-400_8U-400M _BDC-280
operation in 2023

3 \
\
< \
2018 | 2019 | 2020 | 2021 | 2022 | 2023 X \
FLNR accelerator complex S %
operation (hours) 5 §
16904 20110 15124 15065 16834 16583 ° \
£ \
2019 2020 2021 2022 2023
Modernization of U-400M (since summer 2020): Expected beam energies and intensities
First beams — end of spring 2024 after modernization
Sy
[; lm_; Mot/ o on 2019 Expected
: it || S - E(MeV/u)| I(puA) |E(MeV/u)| I(puA)
= AU R L 35 5 39 10
_______ 118 30 3 33 6
15N 47 0.5 51 2
180 36 0.5 40 1.5
2Ne 45 0.3 50 1
365 40 0.12 44 0.2
48Ca 34 - 38 0.1
S6Fel5t 36 0.01 40 0.1

Energy increase ~10% Intensity increase ~2+10 times




SHE research status

Elements:

113 Nihonium (2016) Proton
114 Flerovium (2011) ° ‘ dripline -
115 Moscovium (2016)

116 Livermorium (2011)
117 Tennessine (2016)
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118 Oganesson (2016) yiad
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Scientific leader of FLNR 28 LI 82
Prof. Yu. Ts. Oganessian el
20 e
Z 50 HI beam from U-400
28 New shell structures

8
* 2 ” o Experiments with secondary beams of light radioactive
| v . Halo states nuclei: _ _ _
N * properties and structure of light exotic nuclei near and
ACCULINNA - Light & super light exotic nuclel, beyond the_drlp Im_es; _
neutron-rich hydrogen (57H) and helium (81°He) isotopes) ~ °  eactions with exotic nuclei.



Light exotic nuclei at the FLNR
basic facility: modernized U-400M + ACCULINNA-2




Experimental complex for study of light exotic nuclei at the U-400M cyclotron at FLNR

e A Historical dates:
2 / 1991 — commissioning of the U400M cyclotron 2017 — commissionning of the ACCULINNA-2 separator
\ 1997 — commissioning of the ACCULINNA-1 separator
SII:MA j=]=7 2003 — upgrade of the ACCULINNA-1 separator ACC ACC-2
= FLNR, JINR
AL msr 0.9 4.2
dp % 2.5 6.0
P/AP a.u. 1000 2000
B,O-m.a,:r Tm 32 39
Length m 21 37
Fin AMeV 10 5
Zero-angle
spectrometer Emax AMeV 40 50

A.S. Fomichev et al., The ACCULINNA-2 project: The physics case and
technical challenges, Eur. Phys. J. A 54, 97 (2018)

G. Kaminski et al., Status of the new fragment separator ACCULINNA-2 and
first experiments”, NIM B 463 (2020) 504

(including tritium)
Secondary ion beams Expected experimental conditions

at ACCULINNA-2 in 2024
RI 2024 U400M: Improved beam quality,
Y, pps P, % increased intensity,

8He 6*10° 90 stable operation

UL 3*10° 80 ACC-2: intensive, high quality
“Be 2*103 85 secondary beams

130 2*10° 55 ACC-1: available for tests
240 7*102 50 measurements, detectors testing,
1’Ne 5*10° 80 applied studies etc.

28G5 1.2*10% 70




Competitive light nuclei RIB program at ACCULINNA

» Energy range and reaction selection

Intermediate energy reactions

13B
(20-70 MeV/nucleon)

(— 3p)|
IOBe l2Be

Transfer reactions I | (-2p)

i oLi (t,3H23)d) N
¢ N e

Missing mas_s, Invariant He He___He _'“He
mass, combination (dp)  (tp)

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

M

Knockout reactions

v

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

[ Importance of complementary reaction studies ]

«  Complementary information from different reaction mechanism
 Lower reaction energy - easier to get higher energy resolution

» CMS correlations of recoils or products

» Correlations in the three-body decays: ‘ 4
two extra degrees of freedom do/dQ ~ |jy (gry)|”
For fixed energy of the product beam 0‘4“

Correlations for aligned states populated in the direct reactions

Few-body dynamics near the driplines

transferred momentum q and cms angle -

O

are trivially connected

4 Simple systematics of

diffraction minima and
maxima as function of the
\ momentum transfer

0.1}

~

J

do/dQ (arb. units)

Opportunity of spin-parity
identification

0.01}

(qry)



Flag ship experiments - °®H and ’H

object of interest: 'H

| —_— )
: : ; 12 1
the heaviest conceivable hydrogen isotope . (" %
the largest A/Z = 7 ratio 10'_ (312
special stability of "H due to the closed p,,, neutron subshell 7 87 o O
s 5/243/2
“true” five-body core+4n decay channel of the g.s. ;" 61 "7
- e S o +
extremely long-living g.s. of 'H expected ~ 41 ?_ (?) (5/2°)
~- candidate for 4n radioactivity ' 2 /2.
if E. < 100-300 keV .
- small width of g.s. (0.1-10 keV) 4 °Be L "'Be'"Be -
expected even for E. =2 MeV 117 ‘H+4n ‘H+3n "H+2n ‘H+n 'H
antICIpated SpeCIfIC correlations 9 Y tque 8;He 1(:)Hé "H level scheme and the decay mechanism of the ground state via true
of fragments for core+4n decay E - S 4n emission (red arrow) and the first excited states as the sequential
d H H : X 2n+2n emission or n+2n via the °H and ¢H states, respectively (blue
4, arrows).

’H is the heaviest hydrogen isotope, which may exist as narrow resonances, 40-year-long search for ®H and “H, still under
the experimental goal at many world leading laboratories



Experimental idea

ACCULINNA-2
3
| 2H(®He,*He)"H | He
n
8He n
—2H N
H
n
A
| 2H(8He,*He)H | He
8He n
-~ 2H N
°H
n

26 AMeV 8He beam: 6 . L
~105 pps H reconstruction as missing from

~90% purity “He in coincidence with 3H



[ Experimental setup ] [ 2H(®He,*He)®H, 2H(3He,3He)’H and ?H('°Be,*He)3Li, 2H(1°Be,3He)°Li reactions ]

T

lescopes

%’ﬁ

\_,

" diaphragm
=

Neutron detectors
(stilbene based)

10° 1/s @ 26(44) AMeV

energy resolution for the 'H
missing mass ~(0.6 - 1.1) MeV

2018 — 119 3He-3H coincidences
2019 — 378 *He-3H coincidences
background ~10% of events

Experiment 1, (2018), 2 weeks

% 40 , ' o 3He telescopes SSD AE 20 ym
----- 3

5 301°H telescope ", HE SSD E 1000 pm

S e, SSD E 1000 pym
20 r ...n )

? 7H a.; - e

8 J [)] S SHC telCSCO > AN :

'-8 ol ’"” .

S % 10 20 30 :

Lab angle (dgr)

| °H telescope
AL DSSD AE 1.5 mm

Cryogenic D, gas target 4x4 CsI(TI) E 50 mm

Experlmentz (2019), 3 weeks

Four *He telescopes
SSD AE 20 um
SSD £ 1000 um
SSD E 1000 um

*H telescope
DSSD AE 1.5 mm
4x4 CsI(TIH E 50 mm

Cryogenic D,
gas target




3He identificatioin
l. Muzalevski et al., Bull.Rus.Acad.Sci.: Phys., 84, 500 (2020)

, MeV
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thickness SSD20

Thickness distribution - RIGHT - After -7[cm]

Two *He telescopes
SSD AE 20 um
SSD E 1000 um
SSD E 1000 um

Cryogenic D, gas target

Sgozo_t_ﬁ 61(0-18)

3He identificatioin
I. Muzalevski et al., Bull.Rus.Acad.Sci.: Phys., 84, 500 (2020)

hTh_R thickness distribution - SSD20_L on the Left_telescope
Entries 512 7[cm]

on the Right_telescope Shoans: 7877

7[cm] Mean y 7.776
StdDevx 4.686
StdDevy 457

=

Thickness distribution - LEFT - After - 7[cm]

AThickness up to 8 um (30%)!
Should be taken into account!

|  °H telescope
DSSD AE 1.5 mm
4x4 CsI(TI) £ 50 mm

hTh L
Entries 512
Mean x 7.554
Meany 8.014
StdDevx  4.534

Std Devy

4.564




Spectra of 'H and °H 614
Ground state: 4.5 MeV

H Excited state: 6.8 MeV
Ground state: 2.2 MeV
Excited states: 5.5, 7.5 MeV Study of 5H system in the 2H(éHe,*He)SH = t + 3n reaction
v
60+ ]
% [ (b) — -
30 =N 4T |
- E,=5.45,1=0.75 MeV — 40F 4 3 o 2l ]
> 25 ® R o ~ He=H SoOANS fmeee E,=45MeV |
o <O TUTTATIS T e Zz ' R r=1.5MeV
= r=2.7MeV I'=0.9 MeV S 20t /M “ 7 _ _
e, 20 B s QUL EXP. sEmEEa g, eXP. g . \ ./'. eeecnce Er_ 6.8 MCV
< 151 bias corr. bias corr. aa) .," AN v ‘e, . [=15MeV 1
& Ground state , 0 : :
E 10+ E,=2.2 MeV - % 8-
m 5 B T 2 L
LA ToNY'S
[} g L L > | L L ‘_"
1 2 3 4 5 6 7 3 9 — 4‘
E,. (MeV) <
)
The energy profile of the ground state at 2.2(5) MeV and first excited LE i
states at 5.5(3) and 7.5(3) MeV obtained in the 2H(®He,3He)’H 0

reaction [30]; the experimental missing mass spectrum of ’H is shown
by gray histogram.

E; (MeV)

A.A. Bezbakh et al., Phys. Rev. Lett. 124 (2020) 022502 ) 3 o
I.A. Muzalevskii et al., Phys. Rev. C 103 (2021) 044313 E. Yu. Nikolskii et al. Phys. Rev. C 105, 064605, The 6H states studied in the 2He(®He,*He)
reaction and evidence of extremely correlated character of the °H ground state



"Observation of a correlated free four-neutron system"
(M. Duer et al., 678 | Nature | Vol 606 | 23 June 2022)

Laboratory frame Proton ./
®He Target
) % proton s . ‘ 7 A
= o
“He
Centre-of-mass frame . Scattered proton
= 60/'
Projectile “He ‘ rrrrrrrrrrrrrrrrrr -4 Target proton
Scattered “He ‘

K. Kisamori et |., PRL 116, 052501 (2016)
"Candidate Resonant Tetraneutron State Populated
by the *He(®He,®Be) Reaction"

E(4n) = 0.83 + 0.65(stat) + 1.25(syst) MeV

®He

Counts per 2 MeV

8He(p, p*He)4n knockout reactlon RIKEN experlment

30

20

10

Neutron detectors

Counts

»{//Q Reactnont
Tracklng Chamber &
~\, detectors S ~ ;?\,\\
W 4
\Q/ \\\He
W Fragment detectors

e SAMURAI
BigRIPS beam line

E,=2.37+0.38(stat.) £+ 0.44(sys.) MeV,
r=1.75+0.22(stat.) £0.30(sys.) MeV.

* ®He(p, p*He)
— “4n resonance
-- Continuum
— Background
— Total

lllllllllllllllll




AE (MeV)

Study of the “n system in the reaction 2H(8He,°Li)*n

E (arb. units)
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Data from the ?H(8He,°Li)*n reaction
Missing mass spectrum of “n derived from °Li + n coincidences

Total number of events = 136
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(GB)*e

BHe ‘H
H

Data from the ?H(®He,3He)’H = 3H + “n reaction
MM spectrum of “n derived from 3He+3H = 6Li* data
“n spectrum summed up for E; (7H) > 8 MeV
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Summary comparison of experimental data and theory

——— Peripheral source
----- Normal sour., res.
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Experimental scheme. Study of excited states of "He in the ®He(d,p) reaction ®He(d,p)’He — n + °He
SHe(d,p)°He — n + ®He
OLi(d,p)OLi — n + °Li

SHe beam:
E ~29 AMeV
Deuterium target:
6 mm thick @ 99.7 %
1.48 /1.0atm @ 27K

PRI ToF_F6

Cryogenic D,

()“1111[11111
155 160

Ll 1 1

111111111111

]
175 180

R, 0as target
ToF (ns) § ” *He
MWPC-2 § SN
MWPC-1 \ R '
ToF_F5 : e [T |‘ I'4
i g, J p Neutron detectors
ToF F3 \ 3 stilbene based ’
' - :§ Telescope 48 modules
J|I]’ \ DSSD 1 mm
' - S sspimom (veto)
-
SHe 5
beam

A.A. Bezbakh et al.,

.. . . Int. J. Mod. Phys. E 33. (2023) 245002
Setup for the study “He, °He and °Li isotopes in the reaction (d,p) " © ys (2023)



Setup for the study “He, °He and °Li isotopes in the (d,p) reaction
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Experimental missing mass spectrum of "He from the ?H(°He, p) reaction.

6

800 6He I\/InHe,nH 6He
5 st g o] e .<
> i
E‘)- 3400- n n

5
E 4T g 0y
= o] d/'\p>
= oo y
?D 3 %5 00 05 10 15 20 25 30 d,p
& Time F6 (ns) n
Q :
o ~
a ) Energy resolution ~600 keV o = Md,pn [/ —
Z YH=F—q2/2m+ie
o 1 |
A model is proposed to describe the
0 &= ; . . ; . . . . ..
1 0 1 » 3 4 5 6 7 g Spectrumofthe tra_nsmlssm_n response
E_ (MeV) based on the elastic scattering
cm

amplitude.

Inset shows the projection of the events corresponding to the population of the “He ground state. It demonstrates that the
background does not exceed a few-percent part of the total number of counts obtained in the region of the ground-state peak.



COUILILS

p+5He+n coincidences; complete kinematics, p3/2- the ground state

A.A. Bezbakh et al.,
Int. J. Mod. Phys. E 33. (2023) 245002

o
()]
I L

® Exp.data
40| Mc
35 i
30 i } AEinst ~ 140 keV
s |
20| p-°He-n

coincidences

0,5 1,0 1,5 2,
E. (MeV)
5He MM spectrum for events with
neutron coincidence

25

20

15

counts

M.S. Golovkov et al.,
Phys. Rev. C. 109, (2024) L061602
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Neutron angular distribution do/d6 from the decay
of the "He ground state.

The instrumental resolution ~140 keV (FWHM), which is comparable to the resonance intrinsic width.
In the "He energy spectrum, at ‘He gs. energy region an forward-backward asymmetry of the decay

neutron emission has been observed.



Radioactivity at the nuclear drip-lines (proton-rich nuclei)

Superheavy -
‘d'
elements y.-=m= 114
”,I]’ DDDU
o Proton - &=
N dripline e 184
o - . 162
1 proton emission sy
11
82
_ pra LE= Extreme neutron
Proton emitters "~ 126 matter __-
- . e .
2 protons emission D oubly magic p =T L= o C-Q’S ’:
. u I \: ,/
nuclei 5, . L | = o -
RS / Neutron
Bur LI g ' dripli
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28 =" -~ 82
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Radioactivity

at the nuclear drip-lines (proton-rich nuclei)

Energy (MeV)

o

Z 28 f When the f-decay energy is large, many exotic channels
are available:

\/\ 1| o exotic decay modes ( 1p, 2p radioactivity)

- 1| o multiparticle B-delayed particle emission

Sap ] Precursor
"] + 0T TT)
//74 ___________ Sp ] B - delayed particle emission P ((Z,N)/)
: Sequential 2p
418 ' 419 ' SIO ' 511 ' 512 ' 53 514
(Jﬁ:T;TD-T)
2p Q_EC

2 proton emission

alpha E

Daughter A
g A2 3 l

P
Sop 7 é
Alz.2 T
i g |7 % |

Blank and Borge, Prog. Part. Nucl. Phys. 60 (2008) 403 Asq

two-proton
Daughter

Emitter

26



Experimental tool - Optical Time Projection Chamber

Optical Time Projection Chamber (OTPC) - A new type of modern ionization chamber with an optical readout.
*** Collaboration up to 2022, in 2022 terminated ...
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Experimental tool - Optical Time Projection Chamber

Optical Time Projection Chamber (OTPC) - A new type of modern ionization chamber with an optical readout.
*** Collaboration up to 2022, in 2022 terminated ...

Active volume
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Example cases of B-delayed charged particle emission from °C

Decay from °B ) to 8Be.
B®—8Be+p

Decay from °B® to 5Li
B® 5L+

[A. Giska, (2018) Eng. Thesis, University of Warsaw]



Spectroscopy of [-delayed charged particle emission
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Study of B-delayed charged particle emission from 27S

Silicon stack

" T12=15 ms

Qec=17.8 MeV

505— jj
C Canchel et al., EPJ A12
g o (2001) 377
S 30?— |
Z‘W\I\M l L
10f b | Remesure existing
b I WU branching ratio
2000 4000 6000 8000 10000 12000 14000

Energy (keV)

Fig. 3. Charged-particle spectrum of the decay of 27S nu-
clei implanted in the E3 silicon detector. Proton groups above
about 7 MeV have to be reconstructed by summing the energy
signals from detectors E3 and E4.

EPJ A12 (2001) 377: T,,,(¥S) = 15.5 ms; P(Bp) = P(p2p) =(1.1 +0.5%

New possible decay channels: Direct observation of 2p emission
B3p, Ba, Pap, B3He angular correlations between protons



480

400

320

80

[3-delayed charged particles spectroscopy with the OTPC

21S (T, = 15.5(15) ms), %P (T,,, = 43.7(6) ms)

Identification of proton-rich isotopes at ACC-2 adjusted to the maximum yield of the 26P and 27S

T I T T T T 30000
| - =17 24000 J N |
- | - |
— K]
. 18000 | I
v l I - 1
- 12000 . L
i 10 N
- o
- 6000 1. i “
— -_—-— - ] . i =
4~ --_ I 3 — = '
i : ' i i | i “m— | ] | ] | ] | ] | ] |
9 108 117 126 135 144 OTPCID p|0t2 dE-TOF (TOF gate )
TOF [ns]
PBp PBp PBZp Ptot PBp PBp PBZp Ptot
415 k3B ~800 k3B 320 k3B 710 k3B
10.4(9)% 1.1(3)% 1.5(4)% 35(2)% 24(3)%+ >6.7(8)% 3.0(6)% 64(3)
+ 28(2)% %
‘ 13.8(10)%
17.96(90) 2.5(3)% 2.2(3)% 39(2)% 2.330.9% 1.1t0.5 ~4%

9% Thomas et al., EPJ A21 (2004) 419

Canchel et al., EPJ A1g,(2001) 377

Counts per 30 keV

800
Proton energy [keV]

1200 1600
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The B-delayed two-proton (82p) decay of *’S was studied using a state-of-the-art silicon array and Clover-type
HPGe detectors. An energy peak at 6372(15) keV with a branching ratio of 2.4(5)% in the decay-energy spectrum
was identified as a two-proton transition via the isobaric-analog state in 2’P to the ground state of Al in the
B decay of >’S. Two-proton angular correlations were measured by the silicon array to study the mechanism of
two-proton emission. Based on experimental results and Monte Carlo simulations, it was found that the main
mechanism for the emission of 82p by ?’S is of sequential nature.
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Proposal for along term common study of 10.1214Be at ACCULINNA-2

Large Acceptance Charged particle detector array at Peking University, LACPU
dedicated for the simultaneous measurement of various different reaction
channels induced by radioactive beams on protons and deuterons in inverse
kinematics [1,2].

1.G. Lj, J. L. Loy, Y. L. Ye, et al. Nucl Inst & Meth A, 2021, 1013, 165637.

2.HY. Zhu, J. L. Loy, Y. L. Ye, et al.Nucl. Sci& Tech, 2023, 34,159.

T1 ~ "C ‘
M ssD @ ADSSD /@

TAF "He

DSSD
Bl Csl

e ' ' Target

Schematic view of LACPU (not in scale). The target-like particles from various channels except
the d('°Be,°Li)°He channel are measured by the Telescope T1,TAF,and TAB with a one-fold trigger, and at
the same time the corresponding projectile-like particles were passively recorded by the telescope T0. For
the d('°Be,°Li)®He reaction channel, both °Li and ®He are coincidently detected by the telescope T0 with a
two-fold trigger.

¢

D, target .

@ Exit window

poosi He telescopes /
Neutron detectors

f///i/ (stilbene based)

- -]

Investigate the a cluster configurations in the
ground state of 10:12.14Be using the transfer
reaction (d,5Li) in inverse kinematics for the first
time

Identify a cluster configuration from
overwhelming 1p,1n single-particle
configurations

(d,3He),(d,p) and (d,*He) will be measured at the
same experiment

to investigate shell evolution in Be, Li isotopes

guenching of spectroscopic factor, nucleon-
nucleon correlations



Proposal for along term common study of 10.1214Be at ACCULINNA-2

Future plans - |mplementat|on of AT-TPC technique
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Cluster structure of Be ground state.

First steps:

- Performing a test run:

10Be + d — 6Li + SHe (May 2025)

- Openning a post doc fellow a position.

August 2025 - Hongyu Zhu from PKU visiting FLNR as
a postdoc fellow at FLNR, JINR for common
experiment planning with PKU, Beijing

Second step:

- Full time measurement of the reaction: 1°Be +
d — SLi+°%He (May 2026)

With collaborators from PKU.



Planned research areas: 2025 - 2028

« Structure of neutron-rich isotopes in (d,p), (d,t), (d,°He) reactions

« Impact of the reaction mechanism on population of low energy spectra of exotic nuclear systems

« Exotic radioactivity - formation of 2p radioactive nuclei in (3He,n) and (p,d) reactions

» Study of production cross sections of exotic nuclei

« Beyond the nucleon stability line with 2n-transfer 1°He,13Li,®Be using tritium-target. Lighter neutron-rich
isotopes like ©8He, Li, 1-14Be are also in the zone of interest

« Study the energy dependence of total reaction cross section in the reactions 10-14Be+28Sj, 12-15B+28Gj, etc.

Transfer reactions via ?H target Transfer reactions on 3He target £ (p,t) T
e SHe(d,3He)5H e 130(3He,n)5Ne 6] 5:2'}34—233 2g %g
e %He(d,t)°He e 245j(3He,n)?6S l .g:—asn

e %He(d,p)’He

Transfer reactions on H target Transfer reactions on 3H target 0} = 'Ne *NelNe™Ne  “Ne  “Ne i
7 6 8 10 g [ 1
e /Be(p,d)®Be e SHe(t,p)!°He i g:_ B o “ B o
* *B(p,d)’B * Be(t,p)!Be y~
6 g 18g

e °C(p,d)EC - SHe(t,0)’H m " &

) ol ’Bo 4gs__ ,'*Be
or(E) and oy (E) Charge-exchange reactions v apu (D)
. 10-14Bp428Gj e (p,n),(3He, 3H),(3He, 3H) 2| ‘Ho 5 *Ho —1He
« 1215B+28G; e
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Program of commissioning methodological-technical works for 2024-2025 (2024-2025)

1. Testing of ACCULINNA-2 systems (production target-Be, slits, particle tracking, TOF, cryogenic

targets “He, D, ..)

2. Yields measurements of °He, 8He, ?Be beams in the 1°N(51 AMeV) n 180(49 AMeV) reactions at °Be

(2 mm) in a wide energy region(E ~ 25 + 55 AMeV)

3. Study of the “He(®He,’He)*He reaction at E(°He) ~ 32 AMeV as a preparation for “He(8He ,He)*He

4. Other measurements (spring 2025) :

’H(°He,'H)"He, 2H(°Be,°Li)®He, ...
(at Ibeam ~10° 1/5)

“He(®He,®He)*He
102_ E(8He) = 25 AMeV
PRC 60 (1999) 044605
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Yield, LN(51 AMeV) + Be(2 mm) — %8He and 1?Be
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First experiments at ACCULINNA-2 since in 2024

Search for the ,di-neutron” configuration of the ®He - a kind of “performance test”
of the new upgraded U400M complex and the ACCULINNA-2 separator

4He(He,5He)*He: ACCULINNA-1

Physics Letters B 426 (1998) 251,

Two-neutron exange observed in the 8He + *He reaction. (mbef} 3\

Search for the ,di-neutron” configuration of the ¢He

G.M. Ter-Akopian, A.M. Rodin, A.S. Fomichev, S.I. Sidorchuk, S.V.
Stepantsov, R. Wolski, M.L. Chelnokov, V.A. Gorshkov, A.Yu.

Lavrentev, V.l. Zagrebaev, Yu.Ts. Oganessian

%He (151 MeV)

) AEg
“He gas target

“He(°He,’He)*He, “He(®He,He)*He : more statistics at ACCULINNA-2
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Cigar-like configuration of ®He (4) could contribute
negligibly to the obtained 2n exchange, which is
~100% due to the di-neutron configuration (3).

5He beam: | ~ 10°s? (6.5 mm beam spot without tracking)
4He target: ~ 5.6*10%° cm2 (5 atm @ 78K, 12 mm thick)
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Detectors: four units ~ 100 msr solid angle each



‘He(°He,°He, ¢ )*He @ E(°He)=192 MeV and E(°He)=151 MeV :
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SPRING 2025 - pilot measurements

Left telescope
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1. Cluster structure of Be ground state E - 3x3 LYSO_30 mm

2. Cluster structure of Be excited states Cryogenic D, \
gas target
3. Proton transfer reaction \
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2. Cluster structure of Be excited states °He(°Li,d)1°Be in inverse kinematics

6Li target |
®He beam ]:]:[
—-"'-"'-"'-"'-"'.— ............. _ TOF_F6 & ‘
Anular III / 1086 (plastic scintillator) /
telescope d or decay products Y

DSSD_1 mm , o,

DSSD_1 mm 6He
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6 1OB *
He € —
1
OLi

6Li target vesel

3. Proton transfer reaction
NHC+d — 12N +n

IquI ' ToF_F6
liquid deuterium target Cryogenic D, estic
liquid target scintillator

1c 12 1

beam Decay product

<> A{ Central

DSSD_140 pm
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Flagship experiments at ACCULINNA-2 since 2025

. 58He + “He — elastic/inelastic scattering and 2n, 4n transfer
. 8He + 2H — 4n via ?H(®He, °Li)*n, 2H(®He, °Li*)*n, 2H(®He, *He)’"H—3H+*n
. 10.12.14Be + 2H — 6L + 68.10He molecular configurations in 19.12.14Be states

. 1°Be + °Be — °C + ?He double charge exchange

. 14Be + 3H — 5Li + ?He 2p transfer /1“Be + “He — ®Be + ?He /

— ’Li + 19He «transfer /1“Be + ‘He — 8Be + 19He /

.1“Be +3H — p + 15Be 2n transfer /8He + 3 H — p + 1%He, Li +3H — p + 18Li /

?
180@49 AMeV(!)

*He 8He / 12Be \ 14Be

|2 PPS@1 ppA 1.8*%10° 3.1*104 / 5.2*104 6.2*10° 1.2*103

E, AMeV 40 \ ‘ 36 / 30 25

LBN@51 AMeV



Instrumentation development

* RF-kicker (operational run with ion beam)

» Zero-angle spectrometer hodoscope

* Neutron detector array (increase in number of modules)

* In-beam detectors

» Charged particles detector arrays (angular and energy acceptance)
* Multiparametric detectors setups
« Others

Beam
stopper

s T i vl
Zero-degree spectrometer




Cryogenic tritium target complex
New cryogenic tritium target complex at ACCULINNA-2

Old tritium target cell at ACCULINNA-1

[ Two units move to the neutron-rich ]
region in (t,p) reaction

r

[ Background free experiments, easy ]
variation of target thickness

wi
WPl [

P2

w2

N

Z

9(13)

Wp2

Fig. 2. Schematic drawing of the target. Denoted in the
drawing are: C—target cell; W1, W2—cell windows; GSE (tube
T1)—gas supply/evacuation path; P1, P2—protection barriers
supplied with windows (WP1, WP2) and connected with the
getter G1 through the tubes T1, T2 and T3.

TMP2

Gas:
$=25 mm, d=3+6
mm,

T=26 K, P=0.92
atm,

3*1020 atoms/cm?2

Liquid:
$=20 mm,
d=0.4+0.8 mm,
w=2x8.4 U
stainless steel,
1.1%10%1
Atoms/cm?2
1 <960 Ci
(3.54*1012 BQq)

A.A. Yukhimchuk et al., NIM A 513 (2003) 439

[ Truly unique item providing important scientific opportunities

Technical specification:

« 27kCiT,

* Liquid (T~25 K): h=0.4 mm;

Gas: h=4 mm;

» Three stages of radiation protection;
* Radiation safety control;
« Automatic control and parameter setting;

* The cell can also be filled with H,, D,, 3He, “He;
« Thickness in a wide range ~10%° + 5*10%! atoms/cm?

‘able target unit



Cryogenic tritium target complex

Tritium target infrastructure:

Completion of work on special ventilation and liquid [ New generation tritium target to be commissioned 2025
radioactive waste - 2024

Certificate for work in the 2nd class room — 2025-2026

Availability for study of cryogenic tritium target (expected in 2026) will be a kind of turning point of the research programme !

no
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INR
F114 Flerovium:
Dubna

Frequency range (MHz) 15-22,5
Peak voltage (KV)/ Gap (mm) 120/ 70
Length(mm)/Width (mm) of electrodes 700/120
Cylinder Internal diameter (mm) 1400
Stem diameter (mm) 120
Length of coaxial line from beam axis (mm) | 1370
Current at junction (A) 990
Current in short-cut (A) 1200

RF power (Watts) 15 000
Reactance Q >12000
Df dV=1% (Hz) 80-110
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details: Eur. Phys. J. A (2018) 54: 97

ACCULINNA-2: RF kicker

RF kicker installed

160 180 200 220 240 —
Main application of RF kicker:
improvement of neutron-deficient RIB purity
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Methods developing: commissioned detector system for detecting charged particles

New anular DSSD (S12)

v Micron semiconductor

v 64 Sectors x 64 Rings

v Active area @125 — 332 mm

v Central hole @28 mm

v Thickness 140, 300 and 1500 mkm

New DSD (TTT6)

v Micron semiconductor

v Strip detectors

v Frameless technology

v Strip detectors v Active area 100x100 mm

v Active area 50x50 mm v Thickness 140, 300, and 1500
v Thickness 20 mkm mkm

Thin SSD (W1)
v Micron semiconductor



Methods developing: detector system for detecting charged particles

Csl (TI)
v Ring and square geometry
v Density 4.53 g/cm3
v Relatively high light output
v Thickness 20 or 50 mm

New scintillator materials for

telescopes alternative to Csl(TI)

Ce:GAGG (Gd3AI2Ga3012:Ce)

v Fomos materials company
Custom size and thickness
Fast, durable

Relatively high light output

High density

High spatial resolution detection
No self-count

LYSO (Lu 1.8Y.2SiO5:Ce)

v High density |
v Fast, single exponential decay tlme

v Non-hygroscopic

v Three to four times the light emission of BGO

CLLCAL



Efficiency of neutron detection (%)

Methods developing: detector system for neutron detection

n e W o,

New scintillator BC-404
Hexagonal shape
PMT (ET 9822B)
Thickness 75 mm
High density layout
new neutron ToF spectrometer
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T rostid 400 keVos (GEANTA) \ ‘ « Array 48 units (50 mm, @80 mm)
. Eowmonaiana . bl ™! / Neutron detection efficiency ~ 12%
Neuron energy (MeV) A ' «” Pulse-shape discrimination (MPD-4/Mesytec)
) | ‘ « Increase in quantity from 48 to 64 pcs.

«” Re-encapsulation to reduce n - rescattering
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i Amplitude of the TAC signal, 102 channels

25 Samples
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' New scintillator EJ-276D
ol w « PSD plastic scintillator
10 i N « Size 50 mm, 780 mm
sk . « 3-inch PMT
) ... A, 7 | « PCB with voltage divider,
Deposited eneray, MeV EE Lo e HV source(EMCOQO) and shaper

Bezbakh et al., Instr. Exp. Tech. V.61 (2018) 631. v Digitizing the signal (V1725/CAEN)



Methods developing: new beam tracking detector system (PPAC or MWPC)

v Tests with alpha source and RIB were carried out
v Design including mechanical supports and gas-vacuum distribution system
was fully developed

PPAC 10x10 cm?
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Charles Akers et al.,
Journal of the Korean Phys. Society,

Vol. 70, No.7, 2017, p. 682. v Commissioned gas system

v Redesign completed. Entrance window enlarged.
v New electronics developed.



Summary

ACCULINNA-2 is a perspective place for study of nuclear structure in a transfer reactions at low energies (20-50 MeV/A )
Study of RIB at driplines stimulates of new novel instrumentation and engineering inventions

Many new technical solutions have arisen during ACCULINNA-2 project realization

New research program focused on exploring of light exotic nuclei and unbound states will be started in 2025/2026.

We are open for collaboration and innovative solutions

Students are international researchers are welcome to attend our projects and collaborations

Looking for the partners to carry on research with Active Target TPC for precise angular correlations measurements.

__Dbc-280 ~ U-400 U-400M IC-100
| SHE factory Heavy and superheavy Light exotic Applied research
nuclei nuclei

Zero-angle
spectrometer

NanoLab
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physical target

(including tritium)




Thank you for your attention
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