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OUTLINE:
Physics motivation. Light exotic nuclei near and beyond nucleon drip lines
History of 'H, ®H research....
New fragment separator ACCULINNA-2 at FLNR (JINR). Experimental setup

Calibration by the 2H(1°Be,®He)°Li and ?H(°Be,*He)8L.i reactions with 1°Be beam

Study of the "H system via 2H(He,*He)’H - t + 4n. Two Runs.
[A.A. Bezbakh et al., PRL 124, 022502 (2020); I. A. Muzalevskii et al, PRC 103, 044313 (2021)]

Satellite study of the ®H system via ?H(8He,*He)®H > t + 3n
[E.Yu. Nikolskii et al., PRC 105, 064605 (2022)]

Summary

Looking ahead
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EXOTIC NUCLEI: Superheavy hydrogen isotopes ®'H

Unbound Nuclei
© ¢H

The largest A/Z ratio !!

Unigue many-body neutron
decay channels !!
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Theoretical calculations of ’H(t+4n) energy:

E = 0.87 MeV (7-body hyperspherical functions)
N.K. Timofeyuk, PRC 65 064306 (2002)

E =3 MeV (7-body hyperspherical functions, p.s.e.)
A.A. Korsheninnikov et al., PRL 90 082501 (2003)

E =7 MeV (AMD)
S. Aoyama and N. Itogaki, NP A738 362 (2004)

Estimation of widthof ’H: E<3 MeV <1 £1MeV
M.S. Golovkov et al., PL B588 163 (2004)

New Result:

E =~ 9.5 MeV, I' = 3.5 MeV (Variational Gaussian Expansion Approach)
E. Hiyama et al., PLB 833 137367 (2022)
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Experiments to search for "H states

Cross section ~ 10 pb/sr

H-target - empty-target p(®He,pp)’H _

d(8He,3Het) 7H

H
Phase volumes:
1 - t+n+n+n+n
2 - t+2n+7n
3-t+'n
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Experiment Energy Result Cross section
(AMeV) (ub/sr)

(8He Pp) RIKEN Very sharp increase from threshold ~ 30
No resonance parameters (E < 3 MeV)

d(®He,*He) GANIL . Structure near 2 MeV
No resonance parameters

d(éHe 3He) Dubna Few events <30
No resonance parameters (E <3 MeV)

12C(8He’13N) ) 7 events 40'1+58‘0-30.6

E=0.57%042 ;,, '=0.09%0-94 ; ;¢ MeV

d(3He,3He) 42 Abnormal shape near threshold, ~ 30
shoulder at ~ 2 MeV (E < 3 MeV)
No resonance parameters
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- ACCULINNA-2 separator layout

Cyclotron

U-400M

Zero-angle
spectrometer
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2011: Contract signed with Sigma PHI
2016-17: Full commissioning + Beam
2018-2019: First experiments
2020-2022: Upgrade U400M cyclotron
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ACCULINNA-2 and world RIBs centers

GANIL
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ACCULINNA-2 layout compared to RIPS (RIKEN)

ACC-2
FLNR JINR
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Experimental setup to study 2H(8He 3He)’H reaction

2H(8He,*He)"H(1+4n) D, target 6 mm,
27K, 1.15 atm
EXit window

T (steel 150 jum)

TG [

. Centraltelescope [ \h 5

Neutron detectors
(stilbene based)

.
=)

e ] 3He telescopes SSD AE 20 yum
" SSD E 1000 um LI
SSD £ 1000 um P . . \I\I“"l

|
: 4 2
£ o 5 |||“|‘|"
55 85 m
Cryogenic D, T

gas target

('S}

., 3
H telescope ., HE

— b
= O

S
3}
>
<
2
L
=
(7}
c
—

. A | , O 3 T = ey *H telescope
La'b a'ngle (dgr) |l ZF-[A1 = & || | [T DSSD -\:-: 1 im]:n
i = " 1 4x4 Csl(T1) E 50mm

3

He telescope
55D AE 20 pm
SSD E 1000 pm
SSD E 1000 pm

Cryogenic D, gas target

EMIS 2022 Oct 3 - 7, RISP/IBS, Daejeon, Korea



Identification of low-energy He is a difficult task!

Measured thickness map of one of 20-um detector Particle ID w/o thickness correction of 20-um detector

Now all He isotopes are clearly resolved !!

LI B ——— - T 1 LI
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Test reactions H(*°Be,3He)°Li and *H(!°Be,*He)3Li
with 42 AMeV 1°Be beam

6430 40 KeV Data for the reference reactions " 00 < AR B S
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[A.A. Bezbakh et al., PRL 124, 022502 (2020)]
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Conclusion after 1st Run:

() For the first time, the  excited state is observed at
with . This state can be interpreted as the unresolved

built upon the 2+ excitation of valence neutrons, or one of
the doublet states.

(i1) Indications for the are found in the measured
energy and angular distributions. The cross section obtained for the
presumed ’Hg.s. populated in the reaction in the ©¢y,=7° —
27° 1S . This corresponds to a weak population of the g.s. with
experimental , Which clarifies why the previous searches for the
"Hg.s. required so much time and efforts without bringing reliable
assignments of such a remote isotope.
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Monte Carlo calculations of the ’H missing mass energy resolution over 8, and ’H energy

TABLE I. Experimental resolution in the second expertment as a
function of the "TH MM energy and center-of-mass angle 6., based
on the MC simulations Fig. 8. The first and second values in each
cell are the FWHM energy and the angular resolutions given in MeV
and degrees, respectively.

0.73
0.93
0.99
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Detailed data of "H of the 24 Run

[I. A. Muzalevskii et al, PRC 103, 044313 (2021)]
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Additional support for the position of “Hg.s. at E = 2.2(5)MeV comes from the angular
and energy distributions of tritons from the "H decay for the events E; < 3.2 MeV

=== Phase vol. not corr.
2.2 MeV

. i [Sharov, 2019]
E; (MeV) s flat E, =22 MeV

Phase vol. corr. £ (MeV)

Events / 0.15

- 0 S
2 4 6 . . 0.4 0.6 0.8
Gy (deg) & = TE,/4E;

Value flat 1.5 2.0 i 3.0 Expt.

(e) 0.46(11) 0.28(6) 0.26(6) 0.24(6) 0.23(6) 0.31
(B3a)  3.5(6) 23(4) 2.6(4) 284) 3.04) 29

The value ¢ is consistent with E < 2.2 MeV. The best fit to the experimental <0, -"H>
value is obtained at E = 2.6(7) MeV. Both values are consistent with E = 2.2(5) MeV
Inferred from the MM data.
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Conclusion after 1%t and 2" experiments:

1. A solid experimental evidence is provided that two resonant states of "H are located in
its spectrum at and relative to the 3H+4n decay threshold.

2. Based on the energy and angular distributions, obtained for the 2H(®He, 3He)’H reaction,
the weakly populated is ascribed to the 'H

3. There are indications that the resonant states at are present in the
measured "H spectrum.

4. 1t is highly plausible that the firmly ascertained state is the member of the
"H excitation , built on the 2* configuration of valence neutrons. The
supposed can be another member of this doublet, which could not be

resolved in 15t Run.
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Study of °H system by measuring the “H(®He,*He)°H = t + 3n reaction

The AL = 1 cross section for the 2H(®He, “He)°H reaction
obtained in FRESCO calculations
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Clear peak was observed at ~ 6.8 MeV !!

< E;<3.5MeV

0.5 1.0 1.5

by 0.0 0.5
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Final ®H spectra corrected for the experimental efficiency

with cutoff ©.,, <16°
— do C(Er)

o

dEr ~ (E, — Er)* + T(Er)?/4’

One state interpretation

M iy E = 6.8 MeV _
' I'=5.5MeV

NPy Rel T\o states interpretation
==== E=45MeV
E =68 MeV

Two states interpretation of the
spectrum with neutron coincidences

4] | E 1)
E, (MeV)
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No indications for the ®H state at E ~ 2.7 MeV with cross section limit do/dQ, < 5 pb/sr !!

Instead, we observed the population cross section of do/dQ,, = 190 pb/sr for the 6.8 MeV
broad state at angular range 5° < 6, < 16°

=== No subtr. Fig. 6 (c)

Direct subtr. Fig. § (c)
—*— Advanced subtr. Fig. 10 (a)
esss NMC 2.6 MeV, 25 ub/sr
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Hydrogen and helium chains: today status

* New level schemes for all isotopes 3H ~ ’H

** The unique true 4n-decay mechanism is
6H | proved to be realized for “H. This is the first
ity DB such case found in the nuclide map.
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Summary

1. The was studied in experiments in the transfer reaction with a 26AMeV
secondary 8He beam. The missing mass (MM) spectrum and center-of-mass angular distributions of "H, as
well as the momentum distribution of the 3H fragments in the H frame, were reconstructed.

2. Asolid experimental evidence is provided that two resonant states of ‘H are located in its spectrum at

and relative to the 3H+4n decay threshold. There are indications that the resonant states
at and are also present in the measured "H spectrum.
3. Based on the energy and angular distributions, obtained for the studied reaction, the
weakly populated peak is ascribed to the . It is highly plausible that the firmly
ascertained Is the member of the "H excitation of , built on the 2*

configuration of valence neutrons. The supposed 7.5-MeV state can be another member of this doublet,
which could not be resolved in 15t experiment.

4. The  spectrum was populated in the transfer reaction. The broad bump in the °®H MM

spectrum at E = with is reliably identified with the population cross section
in the angular range.

5. We have found in , which was reported in 3 previous works.

The cross section limit Is set for the population of possible states with :

We suggest that the position of the ’H g.s. , and discussion of this issue should be

continued.

6. The "H and ®H experiments by the studies of the

reactions where calibration and resolution over H excitation energies were derived that were
found to be closed to complete Monte Carlo simulations.
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Very short outlook...
1. Tritium Target !!

SHe+T,(liquid) — “He(stopped) + "H(t+4n) invariant mass

Ground-state energy resolution ~400 keV
Liquid T, ~3*10%! cm?
Intensity of 8He ~10° 1/s
Reaction cross section ~0.1 mb/sr
Triton trigger eff. ~0.7
t+4n detection eff. ~0.015
’H, ;. counting rate: ~5 per day

I_l_!_.l_l
60 120cm

111 | — new “source” to make 'H

Quasi-free alpha knockout from tLi possibly has larger cross section
"H could have [s%p?] component of WF that already exist in 11Li
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A. S. Fomicheyv, I. A. Muzalevskii , A. A. Bezbakh, E. Yu. Nikolskii, V. Chudoba, S. A. Krupko, S. G. Belogurov, D. Biare,
E. M. Gazeeva, M.S. Golovkov, A. V. Gorshkov, L. V. Grigorenko, G. Kaminski, , D. A. Kostyleva,
M. Yu. Kozlov, B. Mauyey, Yu. L. Parfenova, W. Piatek, A. M. Quynh, V. N. Schetinin, A. Serikov,
S. I. Sidorchuk, P. G. Sharov, R. S. Slepnev, S. V. Stepantsov, A. Swiercz, P. Szymkiewicz,
G. M. Ter-Akopian, R. Wolski, B. Zalewski

ACCULINNA-2 team

Thank you for your attention!
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