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Flerov Laboratory of Nuclear Reactions, JINR

| [ Important upgrade efforts ]
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Flerov Laboratory of Nuclear Reactions, JINR

U-400M upgrade DC-140 cyclotron
| [ Important upgrade efforts ] 2020-2022 2020-2024
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JINR Flerov Lab research agenda

“Factory of superheavy < 18| P

elements”, DC-280
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From ACCULINNA to
ACCULINNA-2



K4-K10 complex at FLNR

Yu. Ts. Oganessian et. al., 4 - _ \
Z. Phys. A341 (1992) 217 Injection line used

Possibility of as ACCULINNA
electron ring fragment separator




Fragment separator ACCULINNA for light exotic nuclei studies

F4 | _ 35107 1/s
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Fragment separator ACCULINNA for light exotic nuclei studies

\ 6 Quite high primary beam
\ intensities from U-400M
Cdegrader Ul Be
1B @ e E(OLI) =33
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Transfer, charge-exchange gie
£ and QFS reaction studies of qu
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Instrumentation development

Cryogenic targets

Telescopes

Stilbene neutron array

v-array GADAST

Warsaw OTPC

DAQ - MBS, like GSI |

[ Truly unique item: cryogenic tritium gas system ] Two units move to the neutron-rich
region in (t,p) reaction

Background free experiments, easy variation of
target thickness

Available only in military laboratories

Nice example of military technology conversion
for fundamental science conversion




Competitive light nuclei RIB program at FLNR

4 2\
Intermediate energy reactions

(20-70 MeV/nucleon)

Transfer reactions

\ A

Missing mass, invariant mass,
combination

[ Lower energy — better resolution ]

IOB e
Li °Li (t’He)
*He 8He___...
(dp) (tp)

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

Knockout reactions

~N

/

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

|

Importance of

complementary
reaction studies




Competitive light nuclei RIB program at FLNR
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Competitive light nuclei RIB program at FLNR
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°H studied in the 3H(t,p)>H reaction
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Discovery of °H at FLNR

A.A. Korsheninnikov,
2001, ®He(p,2p)°H

M.S. Golovkov, 2004,
Pioneering correlation
studies

D

(D

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: quantum amplification

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

mivErira



10He studied in the 3He(t,p)°He reaction

4 "\
“Conundrum nucleis” second double magic in

8He telescope
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Publicity for 1°He work

McGRAW-HILL
YEARBOOK OF

SCIENCE &
TECHNOLOGY

2013

w

Comprehensive coverage of recent events and research as compiled by
the staff of the McGraw-Hill Encyclopedia of Science & Technology

N =28 isotone

0" ground state

(e TS O S o AiE = i)
Breakdown of shell closure in helium-10

The study of exotic nuclei at the edges of nuclear
stability is one of the most important developments
in modern nuclear physics Unusual forms of nuclear
dynamics often arise here. One of the most promi-
nent phenomena encountered is shell breakdown—
the deviation from the expected shell structure in
these exotic nuclei. On the one hand, in the nuclear
shell model, helium-10 ('°He) is a “double-magic” nu-
cleus with Z = 2 and .V = 8. On the other hand, it has
an enormous Neutron €xcess; its neutron number (V)
to proton number (Z) ratio equals 4, which brings it
to the edge of nuclear matter asymmetry. Thus, the
1%He nucleus is an important system for the develop-
ment of our understanding of nuclei located far from
the beta stability valley and even beyond the neutron
and proton drip lines. Here we present new insights
into the basic properties of this nucleus, illuminating
its shell structure and indicating its strong deviation
from the simple shell population picture.

Shell structure in nuclei. For more than 100 years
the periodic table of elements has provided a basis
tical laws. The ex-
nnected with the
cal atomic shells.
“N versus Z," can
riodic table in the

shell population scheme

igned to treat sys-
--- semi-integer spin.

New York Chicago San Francisco Lisbon London Madrid Mexico City

Excitation energy E * (MeV)

San Juan Seoul Singapore Sydney Toronto

160 14C

Figure 4. Evolution of excitation energy for the first 2* and 1° states for N = 8 isotone.
Shell population is schematically shown on top of the panel. Shaded rectangles indicate
the uncertainty of the He level positions due to their width.

np np
2"

-
o+ ‘ -
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ACCULINNA-2 predecessors and ideology
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Acculinna-2 layout (letter of intent, 2012)

ACC ACC-2 LISE
FLNRJINR GANIL MSU RIKEN GSI

0 2 4 6 8 10m
ST2 ACCULINNA-2

Q9 Q10,1174 Q12,13,14
RF kicker

A1900 RIPS BigRIPS FRS SuperFRS

0.9

25

1000 2000 2200 2915 1500 3300 8600 3050

. 0
21
10
40

3.8 1.0 80 5.0 8.0 0.32 5.0

6.0 5.0 55 6.0 6.0 2.0 5.0

39 32(43) 60 576 9.0 18 18

38 19(42) 35 21 7 74 140

5 40 110 50 220

50 80 160 90 350 1000 1500

@)g@ F4 F - focal planes
Q - quadropole lenses

D - dipole magnets
M - multipole magnets
ST - steerings



Acculinna-2 layout (letter of intent, 2012)

L | | 1 | J

0 2 4 6 8 10m
ST2 ACCULINNA-2

Q9 Q10,11F4 0121314
RF kicker
ACCIACC2 LISE A1900 RIPS BigRIPS FRS SuperFRS

4 )

Recent revival of interest to low-energy —

spectrometres and related research program
S3 at SPIRAL-2 and KOBRA at RAON

32 1 39 32(43) 6.0 5.76 9.0 18 18

E <20 AMeV - major topic is deep inelastic
reactions (e.g. multineutron transfer reactions)

F4 F - focal planes
Q - quadropole lenses
D - dipole magnets

M - multipole magnets
ST - steerings




ACCULINNA-2
Construction
(2014-2017)

SiIrs=MAPH]T

ACCELERATOR TECHNOLOGIES




Experimental campaign
2018-2021



Characteristics of RIBs at ACCULINNA-2
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Two- and four-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

E (MeV)

Long-living true four-neutron decay
states are most probable.
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Two- and four-neutron radi

Lv.| 260 — controversial

"H — four-neutron radioactivity
or «true» 5-body decay

Five-body (Coret3N)-N (Core+2N)- c+N)-3N N,-N,

nberger,
and| experimental results B(R)
N\
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2n radioactivity in 2°0 ?
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week ending

PHYSICAL REVIEW LETTERS 11 MARCH 2016

PRL 116, 102503 (2016)

Nucleus 2*0Q: A Barely Unbound System beyond the Drip Line

Y. Kondo,' T. Nakamura,' R. Tanaka,' R. Minakata," S. Ogoshi,] N. A. Or.” N. L. Achouri.” T. Aumann,™* H. Baba,’

F. Delaunzly,2 P. Doornenbal,” N. Fukuda,” J. Gibelin,” J. W. Hwang.f’ N. Inabe.” T. Isobe.” D. Kameda,” D. Kanno,' S. Kim,"

N. Kobayashi,l T. Kuhayushi.7 T. Kubo,” S. Leblond,” I. Lee,” F. M., Marqués,3 T. Mntnhayashi,S D. Murai,8 T, Murakami,”

K. Muto,” T. Nakashima,' N. Nakatsuka,” A. Navin,'” S. Nishi,' H. Otsu,” H. Sato,” Y. Satou.® Y. Shimizu,’ H. Suzuki,®
K. Takahashi,” H. Takeda,” S. Takeuchi,” Y. Togano,*' A.G. Tuff,'' M. Vandebrouck."” and K. Yoneda®

PRL 110, 152501 (2013)

PHYSICAL REVIEW LETTERS

week ending
12 APRIL 2013

Study of Two-Neutron Radioactivity in the Decay of 260

7. Kohley,"?* T. Baumann,' D. Bazin,' G. Christian,"* P. A. DeYoung,* J. E. Finck,” N. Frank,® M. Jones,'?
E. Lunderberg,“ B. Luther,’ S. l\fiosby,"3 T. Nagi,4 J.K. Smith,'? J. Snyder,” A. Spyrou,"3 and M. Thoennessen'*

|

[ T,/,=4.5 ps: 2n radioactivity discovered? ]

L.V. Grigorenko, I.G. Mukha, M.V.
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What can be interesting in "H?

’H is the heaviest conceivable hydrogen isotope. The largest A/Z = 7
ratio is closer to the neutron matter than whatever we can imagine in
the world of nuclides.

Special stability to ’H is expected to be granted by the closed ps/2 neutron subshell.
Nothing heavier is expected. Questions of shell evolution in conditions of extreme proton
deficiency

/ The "H g.s. is expected to decay only via the unique “true” five-body \
core+4n decay channel or simultaneous emission of four neutrons:

(i) The ’H g.s. may be extremely long-lived for its decay energy. Candidate
for 4n-radioactivity. Radioactivity-scale lifetimes for ET < 100-300 keV.

(iii) Even at ET = 2 MeV the ’H g.s. width can be as small as 0.1-10 keV.

(iv) Specific correlations of fragments can be expected for the “true”

\ five-body core+4n decay. /




‘ AQLINNA 2 F5 setup for 7H experlment

SSD+scint.
telescopes




7H StUdiEd in the PHYSICAL REVIEW LETTERS 124, 022502 (2020)
’H(%He, 3He)’H
reaction

Evidence for the First Excited State of 7H

A.A. Bezbakh,l‘2 V. Chudoba,">" S. A. Krupko,l‘3 S.G. Belogurov,l‘4 D. Biare,I A.S. Fomichev,"5 E. M. Gazeeva,’
A. V. Gorshkov,' L. V. Grigorenko,m‘(’ G. Kaminski,"” O. A. Kiselev,* D. A. l(ostyleva,&9 M. Yu. Kozlov,'"” B. Mauyey,l’”
I. Mukha,® 1. A. Muzalevskii,"” E. Yu. Nikolskii,' Yu. L. Parfenova," W. Piatek,"” A. M. Quynh,"'? V. N. Schetinin,"’
A. Serikov,' S.1. Sidorchuk,' P. G. Sharov,"? R.S. Slepnev,' S. V. Stepantsov,' A. Swiercz,""? P. Szymkiewicz,""?
G.M. Ter-Akopian,l‘5 R. Wolski,""* B. Zalewski,"” and M. V. Zhukov'"’
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’H studied in the ?H(®He, 3He)’H reaction. Second run.

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

i|||||||||i|

Cryogenic D,
gas target

PHYSICAL REVIEW C 103, 044313 (2021)

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

Resonant states in ’H: Experimental studies of the 2H(*He, *He) reaction

L 27 AL AL Bezbakh,'? E. Yu. Nikolskii,>' V. Chudoba,'? S. A. Krupko,' S. G. Belogurov,'* D. Biare,'

A. S. Fomichev,"* E. M. Gazeeva,'! A. V. Gorshkov,' L. V. Gngorenko 143 G. Kaminski,"® O. Kiselev,” D. A. Kostyleva,”*

M. Yu. Kozlov,’ B Mauyey," '“[ Mukha,” Yu. L. Parfenova,' W, Platek L6 AL M. Quynh LIV N, Schetinin,” A. Serikov,'

S. 1. Sidorchuk,' P. G. Sharov,'> N. B. Shulgina,»!? R. S. Slepnev,' S. V. Stepantsov,' A. Swiercz,""!? P. Szymkiewicz, !
G. M. Ter-Akopian, '’ R. Wolski,!''* B. Zalewski,"® and M. V. Zhukov'®

A. Muzalevskii
S.

8He beam 26 AMeV, 10° pps
2019, 3 weeks

“Comming out party” for the
neutron wall

D2 target
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Neutron detectors
(stilbene based)

= 'He telescopes
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Channel identification

2o 1 2

L - (]

a3 1 2
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[ . 1 , ] , ] . I . 1 , i é
0 20 40 60 80 100 120

E (MeV) 3

E (MeV) E (MeV)

Red dots — ’H g.s. candidate
events, individually treated

— Reliable identification of both 3He recoils and 3H fragments
— Special treatment of 20 micron silicon detectors for 3He telescope

— Careful event by event analysis of all candidates for “H low-lying states



Empty target measurements

Es, (MeV)

OC m (dgr)

40

O (dgr)

40}
30}
20}

10 +

@ I
RS 7 Ey<21E,
PE<4/TE; 2 ]
P we # 0
: et e : O
i e :
LA e T
%/f... ‘e ) A
ﬂ-'/.'?... . ...:
(b)
° .';.
©oe
: o
Om < 18°

20

— Empty target events are located mainly

outside the energy ranges of interest

— Only the hypothetical 11 MeV state can be

contaminated by the empty targer background

— Reaction cm angle cutoff O.m < 18 dgr is expected
to provide the ’H spectrum free from empty target

background



Energy resolution and calibration *H('°Be,3He)°Li reaction

— Complete MC simulations of setup

— Higher energy resolution than in the
previous experiments (less than 1 MeV)

is obtained

Energy and angular resolutions

Events / 400 keV

L l.} .
Li(g.s.) = 3500;
500 ~ ‘ &'} 400_ -
i g 300
400 Y; 200} I
[ g 100]
300 A o . -
i 43 2-101 2 3 4,
200 L E"(’Li) (MeV)
100 -
0 1 M 1 M 1

5 0 5 10 15 20 25 30 35
E(°’Li) (MeV)

— Independent MM calibration with °Be beam

— MC simulations validated by the comparison

Li data
Er 2.2 MeV 5.5 MeV 11 MeV 14 MeV
10° 0.95 2.2 0.73 2.3 0.48 2.5 0.38 2.8
20° 1.10 1.6 0.93 1.8 0.64 2.2 0.52 2.6
30° 1.13 1.2 0.99 1.3 0.77 1.8 0.69 2.0




Additional evidence: H g.s. CMS angular distributions

— First experiment — second diffraction maximum is populated for the "H g.s.
— Second experiement was planned to populate the forward peak for the ’H g.s.
—Indeed, the «hole» in the data from 9 to 14 degrees observed in the second data

100 ¢

do/dQ (ub/sr)
=

Events
I~

E,<3.5MeV

100}

3.5 <E<85MeV

10}
30F
(a) i (b) ........
exp. | eff. exp. |
.. 20_ .:' o.l --------
- exp.2 = eff. exp. 2
K3 lop if
I , ...l... 0 ':"F. ) . "ar -
0 10 20 30 0 10 20 30 40 5
O (dgr) O (dgr)

Theoretical FRESCO calculations

— Standard calculation — diffraction
minimum is sitting on top of the
maximum in the data.

— To fit the position of diffraction
minimum the non-standard calculation
conditions should be used:

(i) extreme peripheral transfer

(ii) large absorption

Interpretation: observations consistent
with expected very “fragile” character
of the "H g.s. and very small g.s.
population cross section.



Additional evidence: ’H g.s. energy and angular distributions of tritons

I N I N T M T M T v 1
e Phase vol. not corr.
3t PRES, j, "°=ee [Sharov et al., 2019] 7]
flat E,=22 MeV
Phase vol. corr. £ (MeV) ]

Events / 0.15

0 i 1 i 1 " Y~ : x
00 02 04 06 08 1.0 1.2
& =TE/4E,

— These distributions should reflect
the specific dynamics of true five-
body decay

— Theoretically these types of
correlations are related

— Experimentally they are obtained in
largely independent way
— Simple idea — 5-body phase volume

dw TE
— =+e(l—¢), &= o

de ~ 4E;

Events / 1 dgr

(a) flat £, =2.2.MeV (b) E, (MeV)

3t 1 \ 1.5

.::.'r Ve 2.0

°;:" R essssss 75

27 & Vermem 30

I : ...‘.
O Wy 0 ; A = e
0 2 4 6 8 0 2 4 6 8
ooy (dgr) G,y (dgr)

TABLE II. Mean values of the € and @3n_7i variables for the
distributions of Figs. 13 and 14.

Value flat 1.5 2.0 2.5 3.0 Exp.
€ 0.464 0337 0.295 0.272 0.252  0.306
O3n-70 3.38 2.19 2.49 2.78 3.02 2.69

Both patterns are consistent with correlated
emission of tritons expected for true five-body decay

Both patterns are inconsistent with uncorrelated
emission of tritons or background character of events



6H data d nd SDECtI’U m t Large statistics, but large backgrounds

Background-subtracted, efficiency corrected

r r r r r r r T r v
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0 : Reasonable confirmation from the t-o-n
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7H and 6H StUdieS Summary Analogies in the excitation

spectra relative 3H and °H, *He
and ®He ground states

Lorentz, £, =5.5,T" = 1.5 MeV

20k .y —_
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g 15 Ground state r::u:ah:):: :
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"H and °H discussion

-

|

Information about °H ground state

®H ground state at 2.6-2.7 MeV is excluded
with cross section limit 5 pb/sr compared to
100-200 pb/sr for 4.5-6.5 MeV prescription.

seem to be reliable

Cross section for ®H ground state at 4.5-6.5
MeV is large and consistent with assumption

about direct transfer of deuteron.

Information about ’H ground state has
very limited statistics

| ) |

Could the 5.5 MeV peak be ’H ground
state? No

s

A\

~N

’H ground state at 2.2 MeV has extremely small (for

one-nucleon direct transfer) cross section 24 pb/sr .

/

\
Observation of the 5.5 MeV 7H state is quite

reliable, but the cross section is still extremely

small (for one-nucleon transfer) 30 ub/sr

100

do/dQ (ublsr)

Events

—
=

E;<3.5M

eV

3.5 < E,<8.5MeV

t
tigy {f f

100}

f

@

10 20

exp. 1

exp. 2

®)

0
B (dgr)

0 10 20 30 40 5
O (dgr)

|

Equal populations for 2.2 and 5.5 MeV states is likely to indicate deep structural difference
between 2He (expected [(p3/2)*]o and 7H

|




There is deep inconsistency in populations of
®H and 'H

4 N
°H seem to be something expected, but ’H

does not seem to be as trivial as «proton hole

in 8He»
\_ Y

4 )

Interesting physics, not yet understood




’He studied in the ?H(%He, p)’He reaction

[ "He preliminary data }

—1 ' T r Tgr I~ T T ' ]
—— forward]

—— uncorr.
- - - max cofr.
‘== min corf.

asymmetry
c oo
—

[
oo 2
o — o

3/27 *He(0%) +n 1
3/27 °He(2*) +n

o))
o O
T T

8, (deg)

|
D
o

_120-.|.|.|.|.|.|.|.|.|.
-1 0 1§ 2 3 4 54 6 7 8 9

E("He) (MeV

R

L Transition ps2 = p12 = p3/2(2) J




Prospective developments

at ACCULINNA-2 for
2023-2025 campaign
4 ™
In middle 2021 U-400M is stopped for
reparation and upgrade. Operation
. restarts in the beginning 2023 )




2021-2022: nporpaMmma pa3BuUTnUAa MHCTPYMEHTOB

U-400M

upgrade
(stability,
beams,
intensities)

Improved

beamline
(smaller focus,
better separation)

Telescope array
(number increase)

Velocity filter
(RF comissioned,
not in beam)

Zero
spectrc

physical target >
(including tritium) >

Cryogenic
Tritium
system

(in construction)

Zero-angle
spectrometer

hodoscope
(in development)

Neutron array
(number increase)

igle
ieter




Velocity filter
“RF-kicker”

Frequency range (MHz)

Peak voltage (KV)/ Gap (mm)

Length(mm)/Width (mm) of
electrodes

Cylinder Internal diameter (mm)

Stem diameter (mm)

Length of coaxial line from beam axis
(mm)

Current at junction (A)
Current in short-cut (A)
RF power (Watts)
Reactance Q

Df (RF tuning) (MHz)

14.5-
20.5

120/ 70
700/120

1400

120
1830

990
1200
15 000
>10000
0.66




Zero-angle spectrometer “sweeper-magnet”

¢

Hodoscope construction of
large area silicons and
GADAST modules

330

185
2250

N
ﬂﬁ
0..180
°

|
|
©0)
Y \O
U
E X
o)
‘-T—:O—IL‘/
|

ﬁi | X o S% 679
D o

° o)
F5: Cryotaget -~ 7 ¥
port / 164
Alternative / —
port
=

750




Plans for «simplified»

hexagonal plastic neutron wall
with larger efficiency

Neutron wall
development



CryOgen IC trltl um ta rgEt If certification of facility goes

as planned the next experimental
campaign at ACCULINNA-2 is with
tritium target

. 10™Bq (1000 cm?) T, >104! n/cm?
« 30K forgas, 10 K for solid state

« Zero emission of T,
o @25 mm, 0.8-4 mm cells

« SS foil windows 8 mkm each with
double volume




ACCULINNA-2 scientific
program for
2023-2025 campaign

“User facility” aspect of
ACCULINNA-2

/

Invitation to contribute this
scientific program

~




Experimental prospects at ACC-2

[ Tritium «campaign» J

{ 10He studies with decisive precision in 8He(t,p) reaction }

[ 131j studies in 'Li(t,p) reaction 1

[ 16Be studies in “Be(t,p) reaction 1




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

[0
Isovector Soft Dipole Mode
identification

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

For positive parity states
perfect agreement with
theoretical predictions

~1'00.0 0.2 0.6 0 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 . o
& & € € correlations for soft dipole
excitations observed for
the first time

o — [ The three-body

AI=0->07| [Al=25>27]  [Al=1>J"]




. -6
Isovector Soft Dipole mode in *Be A.S.Fomichev et al., PLB 708 (2012) 6.

Li Kk,

GDR

Cryogenic "He r‘I 1
p target He @ @ @ @ Collective > p - p
AT=0 (n) AT=1 @ AS=0
s DE A

Collective

Dipole

excitations @® ! | @
AI:I @‘-@ nj==p} @‘-.@ ‘Be

'H(°Li,"Be)n

= 12' « Exp. data @
S 6l M resul > Large cross section
5 41 +
E o, above 2* and no
0 resonance z
z 80f . e E
= » AL=1 identification — e
£ % . . 5
g 4 some kind of dipole .
= S
5 response 5
i~ 0 a :
10 » No particle stableg.s.— 5 ool—t .+ .
=
can not be built on E

spatially extended WF

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

6’]3: (dgr)




Experimental prospects at ACC-2

2p radioactivity

2p radioactivity
search in new
isotope 2°S

\

/

Search for 2p
radioactive decay of
the first excited state

4 N
Transitional
dynamics studies for
the 2p decay of °Ne

of ’Ne

- /

- /




Experimental prospects at ACC-2

Soft excitation modes and
“isobaric symmetry” reactions with 3He target

®He IVSDM studies in ®H IVSDM studies in
®Li(t,3He) reaction ®He(t,3He) reaction

’B IVSDM studies in 17Na IVSDM studies in
’Be(3He,t) reaction 17Ne(3He,t) reaction




Low-energy nuclear
physics in Russia



KpynHble Hay4yHble/npuKNaaHblie NpoeKTbl B PP

Y VY

vV VY

KomnneKc cBepxnpoBOAALLMX KONEL, HA BCTPEYHbIX MyYKaX TAXKENbIX
noHos NICA («Komnnekc NICA»)

MeXayHapoaHbIN LEHTP HEMTPOHHbIX NCCnegoBaHUIN Ha base
BbICOKOMOTOYHOrO nccnegoBatenbckoro peaktopa MUK (MUHW MAUK)

TOKaMaK € CUNbHbIM MarHUTHbIM nonem (Uruutop)

YCKOPUTENbHbI KOMMIEKC CO BCTPEYHbIMU 3/IEKTPOH-NO3UTPOHHbIMU
nyykamu (Cynep Yapm-Tay ¢pabpukKa)

MeKayHapoaHbIM LEHTP UccaeaoBaHUM SKCTPEMAIbHbIX CBETOBbIX
noneun (LN3C)

PEeHTreHOBCKUI NCTOYHUK CUHXPOTPOHHOTO U3NYYEHUA YETBEPTOro
nokoneHma (CKUD)

Pagnorpadpuyecknim ueHTp (CHEXMHCK)

TAXKENOUOHHbIN YCKOPUTENBHO-HAKOMUTENbHbIN KOMMNJIEKC ANS
TeCTUPOBaHMA INeKTPOoHUKK (CapoB.)



iz %ﬁ/mm @}ﬁ

CAHKT-IIETEPBYPI'CKUH ®EEPAJILHBIHN
WCCJIEJJOBATEJILCKUI HEHTP
POCCHUHCKON AKAJIEMHU HAYK

«1OPOKHAA KAPTA»
B OBJIACTH AJEPHOW ®U3UKH

Pepaxrop JI.B. I'puropenko

Mocksa
2021

CocTosiHMe gen B aaepHom
dOU3UKEe HU3KNX IHEPTUN

ABTOpPCKHIi KOIJIEKTHB:

JlaGoparopust simepubix peakuuii uMm. [LH. ®aéposa, O0bequHeHHbIH
HHCTUTYT siAepHbIX wHccaenoBanmii: JI.B. I'puropenxo, A.C. [leHukun,
C.H. Imurpuer, A.B. Kapnos, C. A. Kpynko, 10.1]. Oranecsin, C. . Cunop-
uyk, A.C. @omuuer; HannoHaabHbIH HCCIe10BATEILCKHI sIIePHBIH YHH-
Bepcuter MU®HU: JI.B. Tpuropenko, C.M. Ilonozor, C.B. IlonpyxkeHko;
HaunnonaibHbIH HeclenopaTelbekuii meHTp «KypuaTroBckHil MHCTHTYTY:
JI.B. I'puropenko, A.JI. bapabanos; JlabopaTopusi TeopeTnyeckoil GU3HKH
uM. H. H. boro/siro6oBa, O0be1HHeHHBIH HHCTHTYT SII€PHBIX HCC/I1e0BAHMIL:
H.B. Antonenxo, P.B. /Ixonoc; HanuoHaabHBIi Hec/1e10BATEbCKHI HEHTP
«KypuaroBckuii nHCTHTYT» — [leTepOyprekuii MHCTHTYT siiepHOi GU3HKH
uM. B.Il. KoucrantinnoBa: A.C. BopoObséB, B. H. Ilanrtenees, A.Il. Cepedpos;
Cankr-IlerepOyprekuii rocyiapcreennslii yausepcurer: C.B. ['puroperes,
C.10. Topunog; l'ocynapcTreennsniii ynueepcurer «/Jlydona»: A.C. JleHUKkuH;
Hayuno-ucciienorareJbeknidi HHCTUTYT sijiepHoii ¢puznku um. . B. Cko-
OesbubiHA MocKOBCKOrO rocyraperseHHoro ynusepeurera: J[. O. Epémen-
ko, b.C. Mmxanos, A.A. Kysneuos; Poccuiickuii (eaepajibHblii siAepHbIi
neHTp — Bceepoceniicknii Hay4YHO-HCCIEI0BATENbCKHH HHCTUTYT JKCIe-
puMenTaabHOi pusuxku: H. B. 3aBbsanos, P. . MnekaeB; HHCTHTYT si/IepHBIX
ucciaenoranuii Poccuiickoii akagemun Hayk: JI. B. Kpapuyk; Hanmonann-
HBIil HceleqoraTelbekuii neHTp «KypuaroBckuil uHeTHTYT» — HHeTH-
TYT TeOpeTHYeCcKoil U IKcnepuMeHTATbHOH ¢u3ukn uMm. A. M. AnmxaHosa:
T.B. Kynesoii; GSI Helmholtz Centre for Heavy Ion Research, Japmumrranr,
I'epmanusi: M.1° Myxa;, ®exepajbHblii HccaenoBaTelbekuil nentp «Mu-
CcTUTYT npukaaanoi ¢usuku Poccuiickoii akagemun Hayk»: B.A. Ckanbi-
ra; Uueruryr sigepuoii pusuku um. I. U. Bynkepa Cudupckoro oraesnenns
Poccuiickoii akagemun Hayk: C.1O. TackaeB; O0benHHeHHbIH HWHCTHUTYT
sifepHbIX uccaeroranuii: b.10. [llapkos; JlaGopaTopus HeliTpoHHOH (U3H-
ki uM. U. M. ®panka, O0beIHHeHHBIH HHCTUTYT fiJIePHBLIX HCCIeIOBAHMIL:
B.H. IlIBenos.




CocTosiHne gen B 94epHON PU3nKe HU3KUX SHEPTnm

MeyanbHoe J

UcuepnaHue K KOHLY 80-X Hay4yHO NOBECTKU CO CTabUNbHbIMM NMyYKamm }

UcuepnaHue pecypca 1 yctapeBaHue UcuepnaHue cOBETCKUX KaapOBbIX
COBETCKOM Hay4yHOU MHPPACTPYKTYpbI 3anacos

CseTnble NATHa HAa TeMHOM ¢OHe

\ 7

p
dabpuka cBepxTaXKenbix

anemeHTOB (OUAMN)

ACCULINNA-Z(OMFIM)} [ J [ UPUHA (MUAD)

L

MNepcneKTUBHbIN .
Yyactue B FAIR P - TAXXeNOUOHHbIN LeHTP
TAXXENONOHHbIN KOMNNIEKC

(PocaTtom) (DERICA?) B BHUNDD




NPUHA (ITNAD)

Ana nsoronos npousBoAUMbIX
metogom ISOL — pekopaHble B
MUpEe UHTEHCUBHOCTU

B ctopoHe oT 3agau MUK,
MaJsio MecTa ANA HAaYy4YHbIX
MHCTPYMEHTOB




Prospective thinking
about possible future RIB
facility in Russia



®abprKM pagnoaKkTUBHbIX N30TOMNOB
”BTOpOro nokonexHma” ~ 1985-2007 rr

4 N\ 4 N\ V- N 4 N\
LINAC + Cyclotron .
RIKEN T oA U, 90 AMeV In-flight, 90 pnA
\. Y, \. Y, \_ ) \. Y,
GSI LINAC + Syncrotron U, 900 AMeV In-flight, 50 pnA
\. J N\ y, \_ ) \. J
e ™ e Cvelot A s ™ / )
yclotron + :
2 NSCL MSU ' —_— J | U, 90 AMeV ]| In-flight, 70 pnA )
e a e Cvclot h s A f )
clotron + .
GANIL Y U, 70 AMeV In-flight, 90 pnA
L y L Cyclotron X ) L y
s N e N . h s N
ISOLDE LINAC + Syncrotron p, 1000 MeV ISOL, ~1.5 kW

B 55 AMeV .
Cycl ’ -
[ FLNR } [ yclotron 1 [ e } { In-flight, 3 puA J




Joke about construction business

L Build fast }

: Just select any two
B
[ uild cheap } of three options!

LHigh quality standard}




Problem of heavy-ion acceleration for RIB physics

4 conditions to be fulfilled
simultaneously High energy

4 N ’ ¥

Compromise search

as any three are C . ! “ Flexible A/Z
{ High intensity } {selection uptoU

strongly
controversial

< < % 7

No beam loss
Complicated acceleration operation
“tactics”




Big, bigger, the biggest — ¢pabpukn PU
«TpeTbero nokoneHna» 2007+

SPIRAL 2

Supraleitender
Doppelringbeschleuniger

o\
I
<
=
==
Antiprotonenring S
RIBF | O
D::LLI"“J"M-’T,M:;;;M ‘ ' U
Experimentier- und } 100m {

Speicherringe



However,
even bigger...

HIAF China
(see, FAIR)

Horizontal size of the
slide ~1 km

Korea
(see. FRIB)

RAON %]
!
|




Prospective facility based on LINAC-100 + DFS

- . . . Room-temperature fragment
High-intensity universal superconducting P 8

CW heavy-ion accelerator LINAC-100 separator '?FS for high-intensity
primary beams
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Empty “ecological niche” in modern
low-energy nuclear physics

storage ring physics with RIBs

{ Underdeveloped field: } [ 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.... J

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 J

Underdeveloped field:

storage ring physics with RIBs

Empty field: studies of RIBs
in electron-RIB collider
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Front end LINAC-100

0¥ ehicrgy o obebuilt RFQ accelerator Challenges of LINAC-100 front end
beam trans 3 RFQ seetion {nstance
N pOT[ B . in the first mn ~ ~
line (LEBT) for testing - Cabeam ~“3 emA, U beam ~1emA
- Practically “lossless” RFQ operation

Design: T.V. Kulevoy,
G.N. Kropachey,
ITEPh, Moscow

Section view A-A Section view (-
Scale: 110 Scale: 110

Production, VNIITF, Snezhinsk (?)




Superconductivity at LINAC-100

=== featasaats G B 62 6 68 Wee-w_w-r0@l 000 00000000 0OBOBOOH XN NI Y8 DY DY BX4 e ixa e et b B 5xd x4

| Stripper+ HEBT ?m

ECR+LEBT 14m RFQ6 NC IH 20m { SC CH 25m ‘Separator 15m SC HWR/QWR 40m ! SC Spoke 30m (2nd group) SC Spoke 30m (3nd groupj
e
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.
Challenges of LINAC-100 design

- Half-wave prototypes exist
- Quarter-wave prototypes to be built within 3 years
- Beam dynamics
- One or two front ends
- Ca beam ~3 emA ~300 ppA 1500 kW beam
-Ubeam ~1emA ~10 ppA 200 kW beam

& - Lossless operation /

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
- Not well investigated energy rangy — 100-160 AMeV

-

-temperature design requested
- Momentum acceptance is AP/P
- Resolution is P/AP

- Room

+3% (FWHM)

1500-3000

)

~3 emA ~300 ppA 1500 kW beam
~“lemA ~10 ppA 200 kW beam

- Ca beam
U beam
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Design
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[ Beam dump problem
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Ring branch design

e Collector ; /!

N '\. _ ring |

T . B LERJH l
.- ™ -

/2y !
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- \

1& / { Synchrotro

4 \FRR /

' e-LINAC N, P A N o
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1000
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0
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1800 |-
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—600 -

400 800 1200 1600 2000 2400 2800 3200
Z,cm

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

vchieve /

+20 mrad = T ions

fission fragments 190 cm
®B e Scattered
. 4q—— ¢lectrons

= *chamber

Silicon detector . <«— lons

®B=3-6T




Conclusion

The ACCULINNA-2 facility provides the world-leading
opportunities in its domain — direct reactions with light exotic
nuclei at 20-50 AMeV

The new results, possibly resolving the puzzle of the
«superheavy» hydrogen isotopes ®H and ’H, were obtained
during the first experimental campaign in 2018-2020

/ACCULINNA-Z continues scientific operation in the beginning

2023, after U-400M upgrade. New «massive» instruments will

become available in the ACCULINNA-2 experimental area
including unique tritium cryogenic target complex

- /

Continues the design and prototype development for
prospective radioactive ion beam facility based on the universal
high-intensity superconducting CW accelerator LINAC-100
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40-year-long quest for ’H
It could be quite amusing that such a
“fundumental” nuclide was left unexplored for
such a long period of time

— K. Seth, “Pionic probes for exotic nuclei,” (1981). “Li(r",*) NOTHING

— V. Evseev et al., Nuclear Physics A 352, 379 (1981). “Li(rt",m*) NOTHING

— D. Aleksandrov et al., Yad. Fiz. 36, 1351 (1982). 2>2Cf ternary fission NOTHING

— Y. Gurov et al., The EPJ A 32, 261 (2007); PPN 40, 558 (2009). 1!B(r",p 3He) NOTHING

— M. S. Golovkov et al., Phys. Lett. B 588, 163 (2004). d(3He,”’H) Ti2>1ns NOTHING

E8He’ MeV E-,H, MeV
153 0 55-105 10-77

] |
| -

Target, Si detectors, ~CsI(Tl)
Liquid deuterium 4 X1 mm 13 mm




More recent data on ’H

250 |

200 r

150 |

100

Counts/1.5 MeV
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0

-30 30

A. A. Korsheninnikov, PRL 90, 082501 (2003).
p(®He,2p)’H

— Missing mass only - 90% of background
— Many events with negative MM energy
— 1.9 MeV MM resolution

Declaraiton:
there is something at the threshold

Cross Section (ub/sr)

20

15

10

---= Drift electrons ¥ . Csl detectors

Neutron T gy, 5
gy cm
— Tritum  28°M L e
— 8He 5cm
-— 13
N L c4H1o
A 30 mbar
Frisch grid
Anode

amplification wires

M. Caamano et al., syebeam
PRL 99, 062502 (2007);
PRC 78, 044001 (2008).
12C(8He,13N)7H

Drift chambers

— Mixed material active target
— Missing mass with 3H coincidences

— No channel identification: °H, ®H, or ’H

Declaration:
ET= 0.3'1 MEV, F = 0.09'1 MeV 3 5H (a)
2 -
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More recent data on ’H

Counts /0.2 MeV

40

2H(8He 3He)7 iy
3s | “H(°®He,*He)’H "¢
E=15.3 MeV/u

30 +

B S(t+4n)

20 ~

15 |-

10 + Carbon
hacka i
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2 B 6
E..(MeV)

S. Fortier et al., AIP CP 912, 3 (2007)
’H(8He,*He)’H
— Missing mass only = 70% of background
— Many events with negative MM energy
— Low energy cutoff (Er< 5 MeV)
Declaration: in this experiment there
should be a peak at about Er=2 MeV in
any case

12} (c) 3He+t
10 F

Counts/ 1.5 MeV  Effici
o0]

40 4 8 12 16 20 24
Et+4n (MeV)

E. Y. Nikolskii et al., Phys. Rev. C 81,
064606 (2010).

’H(8He,3He)’H

— Missing mass with 3H coincidences

— Some events with negative MM energy
— 1.7 MeV MM resolution

Declaration: there is something at Er = 2 MeV,
and maybe a resonant state at Er =11 MeV,



Available information on °H

— D. Aleksandrov et al.,
Yad. Fiz. 39 (1984) 513.

7Li(7Li, ®B) 6H  Er=2.7(4) MeV

— A. Belozyorov et al.,
Nuclear Physics A 460 (1986) 352.

9Be(11B,0)6H Er=2.6(5) MeV

Counts
30 - 2.7

! TLi(Li, 8B)X

0530 35 40 45 30 52_ ‘Ma;é
. e

Counts

20 b a6 9Be(!'B, “O)°H

15 F
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‘H+n+n+n

1
52 54 56 58
Energy of O, MeV



Available information on °H [
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— Caamano et al., ; c B o 4f ®)
PRL 99, 062502 (2007); : -If_'thﬂ ER ’—lﬂ_\
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—Y. Gurov et al., The EPJ A 32, 261 (2007).
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