HUcnoab3oBanue PAANOAKTHBHBIX MYYKOB JJISl H3YUYCHHUSA IK30THICCKHUX SAACP

BOJIM3H I'PAHUI SAAEPHOM CTAOMJIBLHOCTH: IKCIIEPUMEHT
A.C. ®omuueB ot ko1adopanuun ACCULINNA-2

F114 Flerovium

1 Flerov Laboratory of Nuclear Reactions, JINR, 141980 Dubna, Russia
2Institute of Physics, Silesian University in Opava, 74601 Opava, Czech Republic
3SSC RF ITEP of NRC “Kurchatov Institute”, 117218 Moscow, Russia
“National Research Nuclear University “MEPhI”, 115409 Moscow, Russia
SDubna State University, 141982 Dubna, Russia
SNational Research Centre “Kurchatov Institute”, Kurchatov sq. 1, 123182 Moscow, Russia
"Heavy Ion Laboratory, University of Warsaw, 02-093 Warsaw, Poland
8GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
°Il. Physikalisches Institut, Justus-Liebig-Universitiit, 35392 Giessen, Germany
W[ .aboratory of Information Technologies, JINR, 141980 Dubna, Russia
UNyclear Research Institute, 670000 Dalat, Vietnam
124GH University of Science & Technology, Faculty of Physics & Applied Computer Science, 30-059 Krakow, Poland
BInstitute of Nuclear Physics PAN, Radzikowskiego 152, 31342 Krakow, Poland
14Department of Physics, Chalmers University of Technology, S-41296 Gaéteborg, Sweden
I5Skobeltsyn Institute of Nuclear Physics, Moscow State University, 119991 Moscow, Russia

http://flerovlab.jinr.ru/accullina-i1/



http://flerovlab.jinr.ru/accullina-ii/

Kapta HyknupgoB
254 ctabunbHbIX S4pa,
339 nmetotca B npupoae
Okorno 3100 n3otonoB HanaeHo
OueHka: 2500 ewle He HangeHo

3ayem (more details > LVG) U kak usyvarb ??

“OcTpoB cTabunbHoCTU”
CBepXTAXKerbIX 3JIeMEHTOB: Cn
cnerka KocHynucb “6epera” G

118

162

1928

NMpoToHHaA rpaHMua |[sn |
cTabunbHoOCTHU: anfos
LocTUrHyTa u un gl
n anm
msydvyeHa ana Z < 32 50 Sn . -
| | |
| | |
“ONi T
] 82
]
| | |
| |
28 Ni
e =i 50
I" ?Gﬁa 5 78N
|
50 |
: jis 28, HenTtpoHHas rpaHuua
! ,' CTabMnbHOCTHU:
R .

NocturHyrta/udyyeHa ana N < 20

/ JK30TUYECKasa CTPYKTypa ﬂ,qep:\

- HEUTPOHHbIE/NPOTOHHbIE rasno
- NPOTOHHbIE rano

- “Msrkuwe” mopabl BO30YXAeHUA
- HoBble marnyeckue umcna

- Pa3pyweHue obonoyeyHoun

K CTPYKTYpblI

J

MNMpepensbl cywecTBoBaHUSA
A0EPHOWN CTPYKTYPb:
M3BECTHbI AN HECKONbKUX
neryamwux sigep

Nuclear Shell
Structure
Nobel Prize 1963
126
P12 J hy,
£5 R 7
115/2 B —— — pl/Z
Panz  — — i
L2 —
7i2 i
PSS 11/2
ds/, — 712
1 -
31,2 dyp,
8712 —— —————] S‘IJZ
5/2 A —— d5,'2
5}9 —— o2
8oz 9
™
around the valley neutron-rich
of nuclear stability nuclei
N/Z~1-16 N/Z ~ 3

Ca: Bo3MOXHbI 5(!) marnyeckux
duncen N = 20, 28, 32, 34, 40




Production of Radioactive lon Beams: In-Flight versus ISOL

Isotope Separator On Line (ISOL)

driver accelerator

In-Flight
ions
thin target -fragmentation
-fusion
-fission

\ 4

fragment separator

S\

storage ring

E ~ 25+ 1000 MeV/u
AE~2+10 %
Beam spot ~2 + 6 cm

light & heavy ions, neutrons, electrons

-spallation ' pigh-temperature thick target
-fission
-fragmentation

ion source

~msStos

\ 4

mass separator

/p'{s’r accelerator

T<1081/s E~0.1+20MeV/u

experiments
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* spectrometers

AE ~ 002 Q/o
Beam spot ~ 1 mm




Production of Radioactive lon Beams: In-Flight versus ISOL

E, A MeV ;
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ACCULINNA-2 fragment-separator at U-400M cyclotron

1. A.S. Fomichev et al., The ACCULINNA-2 project: The physics case and technical challenges, Eur. Phys. J. A 54,97 (2018)
2. G. Kaminski et al., Status of the new fragment separator ACCULINNA-2 and first experiments”, NIM B 463 (2020) 504
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(including tritium)— "<
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Characteristics of several RIBs at ACCULINNA-2 obtained in the first experiments
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The observed basic
characteristics for RIBs

. . . 29 11B(33.5 AMeV)+Be(1 mm) 2.2*10°¢ 90.2 10_8 2.0 1.0
(intensity, purity, beam
. 28 ==t 5.5*104 95.4 97 3.25 1.0
profiles in final focal plane)
. . 31 ==tam 5.0*10° 97.6 12_9 2.0 1.0
are in a good agreement with
the technical specification and 45 15N (49.3 AMeV)+Be(1 mm)  2.3*10°  78.4 16_11 1.25 1.0
P 28 32§ (52.7 AMeV)+Be (0.5 mm) 15 <0.5 18_12 0.75 0.5

estimations. 27 60 1 18_12 0.75 0.5




Experiments at ACCULINA-2 since 2018

Isotope 2018 - 2020
Task, reaction, method Status
SHe Elastic and inelastic scattering in ®He+d interaction B. Zalewski thesis, NIM_B
4n, °H, 'H Low energy spectra and decay modes in 8He+d interaction PRL, PRC, Bulletin of RAS
8He(d,5Li)*n, 8He(d,*He)®H, 8He(d,*He)’H A. Bezbakh, I. Muzalevskii thesisis
8Li and °Li Reference reactions (d,*He) and (d,3He) with 1°Be NP (AD)
He Low energy spectra, ®He(d,p)’He, p-*He-n coincidences To be published soon
‘He 8He(d,p)°He, p-8He-n coincidences Under analysis
0L 3Li(d,p)"OLi, p-°Li-n coincidences Bull. of RAS (method)
27§ Rare decay modes, implantation into OTPC Under analysis
Detector tests (PPAC, ToF, Si, etc.), setup instrumentation IET (NT9)
S. Krupko thesis
"H, 1°He, '°Be, July 2020 — March(?) 2023 No beam, U-400M cyclotron upgrade
B, 1"Ne, 26S 2023+ Experimental program is under discussion

s nng

=

5 e 3
PH telescope .., HE

.....
S
'H

bessssnnars® SHE tEI.ESCOpe“
-------- ————

[ = B 7 T =
==

Lab energy (AMeV)

He telescopes SSD AE 20 um 8He(d,3He)’H vs. 8He(d.p)°He

SSD E 1000 pm

/ SSD E 1000 um

-
%,

H
.&" | .

0 10 20 30
Lab angle (dgr)

T
D

Cryogenic D, gas target

SRR °H telescope
Q4 DSSD AE 1.5 mm
4x4 CsI(TI) E 50 mm




[ Experimental setup ]

The ID plot for neutron spectrometer
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*He telescopes
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Neutron detectors

TAC (arb. units)

105 1/s @ 26 (44) AMeV & Rilbenebasees Sy ]
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7100 = 400 KeV n = 100 %

6430 40 KeV / \ 4+

6530 35 KeVY n =~ 100 %

GE 972 Data for the reference reactions @ 6100 ~ 1000 KeV n ~ 100 %
5380 0.6 MeV . . -
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. ) ) 8T ;
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"H Ground state: 2.2 MeV
Excited states: 5.5, 7.5 MeV

Main results for
"H and °H

H Ground state: 4.5 MeV
Excited state: 6.8 MeV

L

dl'_T fﬁ{QC.I'ﬂ.

do [d Q2. ~24 pub/sr for 0., & 5°-9° and &7 ub/sr
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Hydrogen and helium chains: today status
(s

~

New level schemes for all isotopes 3H + "H

°H :
4- //’\Thls WOrK ** The unique true 4n-decay mechanism is
R4 > proved to be realized for "H. This is the first
% 3] @ /" Unbound Nuclei _such case found in the nuclide map. P
= _
o) 10 -
= - .
£ 1 . 3- (312" ?)
2 0 > ) Vil
= 2 5/2'+3/2"
- = 6
11 = - (9) " e—
E B * B —-—-ﬂ.—n— (5/2)
S 4 N ik
2 ' I
0 - | ] ] ]
1 2 3 4 ‘H+4n ‘H+3n H+2n ‘H+n 'H

i, number of neutrons in the p-shell



Counts per 2 MeV
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Setup for the study "He, °He and 'L isotopes in the reaction (d,p)

SHe(d,p)’He — n + °He
SHe(d,p)’He — n + 8He
9Ll(d,p)1 Li > n + 9Ll

(Fe 1 80/./)

”*’“";J #;

|| SHe, 3He, °Li b! ams
with E ~ 29 AMeV.

' Deuterium target:

' 6 mm thick @ ~)«J 7 %
1.48 /IOatm
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Scheme of the experiments with *He - T, targets and new technique (since 2023)

130(3He,n)""Ne — — =
24Si(*He,n)%°S

Dipole magnet D3 should
improve a neutrons detection
and exit channel identification

Si — telescopes
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RF-kicker should enhance RIBs
purification by a factor of 10+20
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Example 1: first estimations for the case 3He+T,(liquid) — “He(stopped) + "H(inv. mass)

" | [m—stilbens L = 250 cm, dt(sigma) = 0.4 ns
10 —@— Stilbens L = 400 cm, dt(sigma) = 0.4 ns

s [T |- "Gurgen's Plastics” L = 400 cm, dt(sigma) = 0.7 ns, Plastic = 20 cm

| % "Gurgen's Plastics” L = 500 cm, dt{sigma) = 0.7 ns, Plastic = 20 cm

0,9 :
0,8
0,7 %‘/‘
0,6
iy /ﬁ:/%/:
04 /

N R Zail

al |
0,2 —%/
0,1

' T 0,0 — : - - - -

: BC-408, hexagonal design, dia. 0 1 2 3 4 5 6
0 60 120 cm of external circle 16 cm, E("H) (MeV)

thickness 20 cm, 253 units

FWHM resolution (MeV)

Ground-state energy resolution ~400 ke\h

) oy s 1s : : Liquid T, ~3*10?' cm-
Zero-angle spectrometer with its dipole magnet installed after the physic Intensity of 8He ~105 1/s

target in F5: 1 — radioactive beam, 2 — annular Si detector giving triggering Reaction cross section ~0.1 mb/sr

signals, 3 — the lower magnetic pole, 4 — array of position sensitive AE-TOF | yjton trigger eff. ~0.7

detectors, 5 — position sensitive TOF or AE-E detectors, 6 — the wall of t+4n detection eff. ~0.015

tightly composed neutron detectors. \_ "Hy 5. counting rate: ~5 per day J




Example 2: 1°Be in the “Be(t,p)'°Be reaction as a new flag ship experiment at ACCULINNA-2

100}

P 0.84 MeV
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NUSTAR Annual Meeting 2021 / Internet (Planet Earth) / February 25, 2021 “Results on very n-rich nudei from SAMURAI@RIKEN" / F.M. MARQUES
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Other examples: day one (1>1"Ne, "H, '’He, °Be) & day two (*Li, 260, 26S ) experiments (since 2025)

' ' ' ' ' HI 2020 2023
E(AMeV) | I(puA) | E(AMeV) | I(ppA)
7L 35 5 39 10
1B 33 3 34 6
15N 47 0.5 51 2
%g 180 36 0.5 40 15
2022Ne | 53/45 0.3 54/50 1
51/40 0.2 52/44 0.2
107
":\ BNa®Ne '"Ne'®Ne 'Ne 22Ne
T ! RI 2023
L 150 e I Y, pps P, %
N " 1 8He | 6*105 90
9% | 1ML | 3*10% 80
g 14Be | 2*103 85
] 130 | 2*105 55
s —'°Be 1 B[00 | 77102 50
Lo (@pu  (tP) 7Ne | 5105 30
‘He 5 "He —'°He . 285 | 1.2*10% 70
2 :I Eli EIS 1IO 1l2 1I4 1I6 1I8 QIC- 2IE 2|4 2|6 | 10°
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Other examples: day one (1>1"Ne, "H, '’He, °Be) & day two (*Li, 260, 26S ) experiments (since 2025)

' ' ' ' ' ' ' HI 2020 2023
E(AMeV) | I(puA) | E(AMeV) | I(puA)
TLij 35 5 39 10
1B 33 3 34 6
15N 47 0.5 51 2
g 180 36 0.5 40 1.5
20.22Ne 53/45 0.3 54/50 1
32,365 51/40 0.2 52/44 0.2
107
= Beble "Ne'®Ne Ne  *Ne
g1 1 RI 2023
Q_ 130 15Q 80 . Y, pps P, %
"N " | 8He | 6*10° 90
°c . 1L 3*104 80
g “Be [ 2*10° 85
13 *4 N5
"Be —»'°Be Cnacnbo 3a BHuUMaHue !! 1 10°2 243 .2,*132 gg
i qpu  (LP) (LWaz € cmopoHy pacwupeHusi 7Ne | 54105 | 80
*He 5 “He —'°He compyOHu4Yecmea coe’siaH..) - 285 | 1.2*10% 70
R :
2 4 6 8 10 12 14 16 18 20 22 24 26 b
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DWBA cross sections for the d(2He,*He) and '2C(8He,"3N) reactions
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[Ref ] Reaction / E (AMeV) | do/dQ2, nb/sr Q value |Q opt |E x 8 rec max |2 TH max
3 cm, deg.
[1] 8He(2H.3He)7H* / 26 | 30 (5°-18Y) 1932 [ +0.0 193 | 34 (3He) 13.8
[13] 8He(2H.3He)7H/ 15.3 | 100 (0°-50°) 20.7 (3He) |8.7
[2] 8He(2H_3He)7H / 42 | —30 (6°-14°) 40 (3He) 16
[3] 8He(1H.2He)7TH/61.3 [ ~10 per MeV | -2841 [ +0.0 284 |27 (2He) 74
8He(3H 4He)7H** / 26 | 71007 -5.00 .0 -5.0 51 (4He) 26
11L1(4He 8Be)7H** / 30 | 72007 -10.92 -293 +18.3 | 32 (8Be) 37
[4] 8He(19F.20Ne)7TH / 15.4 | ~2000 (4°-16%) |-11.97 |-384 [+26.4 |58 (20Ne) | 180
[5] 8He(12C.13N)7H /154 | 40.1 (10°48%) | -22.87 |-305 |+7.6 |48(13N) 180
[5] 8He(12C.14N)6H / 15.4 | 18.7 (9°-467) -13.3 -30.5 +174 | 464 (14N) 180 (6H)
[6] 8He(2H.4He)6H* / 26 | =5 (5°-16%) +0.44 +0.0 +04 |38 (4He) 24 (6H)
[7] 11B(9Be.140)6H / § | ~0.016 2987 [-237 [-62 [17(140)8° [42(6H)
[8] 7Li(7Li.8B)6H / 11.7 | ~0.06 3498 [-182 [-168 [19(8B)10° |26 (6H)
[15] 6Li(m-. )X / 220 | <0.005 |
[Ref.] Reaction / E (AMeV) | do/dQ. nb/sr | Q value | Q opt | E x 9 rec_max 8 4n max
9] 11B(7L1.140)4n / 8 | <1 per MeV | -16.72 |-31.9 | +15.2 18 (140) 8° 180
[9] 9Be(7Li.12N)4n / 11.9 | -~ -23.37 | -428 | +19. 21 (12N) 5° 180
[9] 9Be(9Be.140)4n / 11.9 | -"- -17.6 -50.0 | +32: 26 (140) 5° 180
[16] 7TLi(7Li.10C)4n / 11.4 | <30 -18.17 | -36.4 | +18.2 28 (10C) 7.4° | 180
[10] 7L1(7L1.10C)4n / 11.7 | <0.1 -18.17 | -364 | +18.2 28 (10C) 2° 180
[11] 7Li(7Li,10C)4n! / 6.6 | 1.2 (6°-9.5°) | -18.17 |-20.4 |+2.2 17 (10C) 5°.7° | 46
[12] 8He(4He.8Be)4n? / 186 | 3.8 nb for -3.19 -364.7 | +361.5 30 (8Be) 82
9 cm<5.4°
[13] 8He(2H.6Li)4n> / 15.3 | ? -1.63 -123 | +10.7 23 (6Li) 36
[18+] 8He(2H.6L1)4n/ 26 | ~50-707? -1.63 -20 +19.3 23.6 (6L1) 36.6
(5°-40°)
[14] 14Be(12C.10Be)4n*/35 | 5(4n) ~ 1lmb | -4.94 0 (14Be) | (14Be.X+n)
0.06 5(14Be) | 0.42 (10Be) 1.04
[17] 4He(n-.n+)4n° / 232 | 77 very low 0°
[19] 8He(p.p4He)4n® / 156 | <1ub el.scat. | -5.07 -69.2 | 64.1
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