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Physics motivation:

Origin of elements and stellar evolution
Drip line and the limits of nuclear existence
Limits of the stability line, superheavy elements
Unification of nuclear structure and reactions
Evolution of nuclear shell structure and shape
Exotic nuclei as open quantum systems
Nature of nuclear force

é

AD initio reactions

&

L B8D b initio
B ®.®

QCD oeo D NN & few-body
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Collective modes 4%

Superheavy nuclei synthesis

Densities
Mean field

Shell model
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N. Michel, M. Ploszajczak, The Gamow Shell Model, Springer ,
N. Michel, et al., JPG 36,013101 (2009)

J. G. Li, et al., Physics 3, 977 (2021)

J. G. Li, et al., Phys. Rev. C 100, 054313 (2019)

J. G. Li, et al., Phys. Rev. C 104, 024319 (2021)

E. Caurier, et al. RMP 77,427 (2005)
T. Otsuka, et al, RMP. 92,015002 (2020)
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» More than 50 years of multi-neutron searches, especially the tetraneutron.
See arXiv:1608.00169[nucl-th] (2016) Eur. Phys. J. A 57,105(2021),

» Earlier experiments gave negative results, no information about the multi-neutron systems.

» In 2002, Marqués et al reported the possible existence of a bound tetraneutron observed in a breakup
reaction of the “Be—>1°Be+4n channel. Marqués et al., PRC 65, 044006 (2002)

» In 2016, Kisamori ef al observed of few events of tetraneutron in the doubly charge-exchange reaction
“He(®He,®Be) . Interpreted the tetraneutron as a candidate resonance with Er = 0.83 + 0.65(stat) +
1.25(syst) MeV and width I' <2.6 MeV. Kisamori ef al., PRL 116, 044006 (2016)

reaction initial state final state o results
*He (®He, aa) *n
—1 Shimoura, NP1512-SHARAQ10 (% ):> $ 8 (%%):} i :Jnm E 11_{‘]5
3 ®He (p.pc) *n
% 3& Q—: % - ﬁ £1 Paschalis, NP1406-SAMURAIL9 (%%):} Q {:8 8 »9,.? #b Edn""_t E 1[? Sl Nature 2022

8He (p.2p) {3H+*n
QFM:,r\E:ujilfszsgmu}Mm (%%)::' Qo ?0 (&8),::' R o ~ 10.000s % E‘ 7}: % % X 1%

“"&'™H:ET, Q
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https://arxiv.org/abs/1608.00169

3304k RDME -1

Year Author Journal Conclusion

2003 Bertulani et al J. Phys. G 29, 2431 gave no bound 4n combined dineutron-dineutron
molecule and a toy NN potential

2003 Steven C. Pieper PRL. 90, 252501 employed the GFMC calculated the tetraneutron,

showed the modern nuclear force can not tolerate a
bound tetraneutron and suggested the a tetraneutron
resonance near 2MeV

2005 Lazauskas and Carbonell PRC 72, 034003 used Complex scaling based on Reid 93 NN potential:
no low-lying 4n resonances : no low-lying
—_— 2016 exp eriment tetraneutron resonance.
2016 E.Hiyama et al PRC 93, 044004 employed Complex scaling using AV8’+(toy)NNN,

low 4n resonance possible only by strongly strongly
modify the nuclear force

2016 A.M.Shirokov et al PRL 117,182502 performed the NCSM with JISP16 interaction
conformed a resonant state in tetraneutron around 0.8
MeV, width 1.4 MeV

2017 S. Gandofi et al PRL 118,232501(2017)  presented the QMC calculations of multi-neutron
systems, suggested the trineutron and tetraneutron
were both resonance
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Year Author Journal Conclusion
2017 K. Fossez et al. PRL 119, 032501 performed NCGSM gave energy of tetraneutron may
be compatible with experimental value, but the width
must be too large
2018 A.Deltuva PRC97,034001 (2018),  employed Faddeev method gave the absence of an
PLB 782,238 (2018) observable trineutron and tetraneutron resonance based
on modern two-body force
2018 A.M.Shirokov et al. AIP Conf. proc 020038 Performed NCSM for tetraneutron with different two-
body force, similar results are obtained
2019 A.M.Shirokov et al. Presentation in updated their calculations and gave two resonance
Nanjing@China 2019 states in tetraneutron
2019 J.G.Lietal PRC 100 054313 Performed NCGSM for trineutron and tetraneutron,
predicting that E (°n) = 1.29 MeV T (*n) =0.91 MeV
E(*n) =2.64 MeV T (“n) =2.38 MeV
2020 Michael D. Higgins et al. PRL 125,052501 Using adiabatic hyperspherical framework, Predicting
2021 PRC 103 024004 that that no resonance and no bound state exists for

the tetraneutron system
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A

NCSM/SM GSM : NP
Hncosm = 2 o 2mA + ;VNN

HO basis Berggren basis v" SM/NCSM usually use the HO basis.
' v" SM usually choose double magic nuclei as their core.

v" NCSM introduces N.

as a model space truncation

i i E max
NCSM — i i i parameter.
j; SM IL — ; Avyal Ayql
J— ™~ o= (11 +01°) + 25 (77 + P
i core i i core i =
o | e | v GSM uses the Berggren basis, which contains
bound, resonance, and scattering states.
+00
R ares D a1 0, cs = [ owrar

0

$33uFtn B34 #£8B 3% C2S(GFEMC, VMC, SM, NCSM, GSM, CC, SCGF et al.).
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Spectroscopic factors of 'Li & "Be

priTTTTTTTITT TR r T Py et Tty 5> Further study of the effect of Continuum
045 ¢—"He + npy-—> L1 _ :
[ —— 6Be + Vp3/2“> 7Be : Coupllng
0.40 - 1. Change the depth of WS potential to obtain
i : different §,,.
RS - - 2. (S changes significantly near threshold due
0.30 :— —: to continuum coupling
E - 3. There 1s an inflection point in SF.
0.25 —
i i 4. Further theoretical analysis is needed.
0.20 -I | I L1 11 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 11 I L1 1 1 I 1 I-

-4 -3 -2 -1 0 1 2 3

S2n(6He) y Szp(6Be) (MeV) M. R. Xie, J. G. Li*, N. Michel, W. Zuo, Preliminary results
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05 ——— . .
b o omeoe . o e, v' 7THe(3/2) is resonance state, the asymptotic
D SFe(03) © 17 — THe(312) (GSM) | . .
2 AT e G D region of the overlap function could only be
= ], \ . . .
o3 7\ - well described in GSM calculation.
s 1 |
Z 02 F .

' X | . . . .
g L ‘N 1 v' The GFMC done in coordinate including
= N\ . .
° ‘OO S continuum effects, but difficult for resonance
P IR R R T e o T

" 0 2 4 6 8 10 12 14 16 18 X states.

0.8 r (tm)

" - %} z | v' The calculated C°S with GSM are close to

S| 4 g .

L R - experimental data.

% 05 _-;MC X g = % . Z. X. Cao, Y. L. Ye, J. Xiao, et al, PLB 707,46 (2012)
i e ST . .
0 | nesm | z{ _ v" Due to the localization of NCSM calculation,
3 — =] the calculated C2S of NCSM is smallest.
EXP
02

M. R. Xie, J. G. Li*, N. Michel, et al., Submitted to PRC
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NCSM calculations with NNLOopt interaction

IIIIIIIIIIIIIIIIIIIIIIII 4 T T T T T
T Va2 + T Ny, =8 + 6 — NCSM |
o N =4 O Ny = 10 2 L He E
0F Nypax =6 - 0 —+—N_ =12 . Xp.
- Extra. .\\‘_._./ T 2+
> i ) " 1~ .
8 >
a_lo B 1 10 _\\¢—.—/_ S
é 2+ .
: | ] E .
= [
[£3)
20 -\\\—vq—r‘r“- - -\\\‘*i-—qw- T
i \‘*‘——-0—4—4—%—’"“ h I _— E
——————"" " Exp.
30 F 2L 0L Exp - 0 0+ 0+
TR N R T TN NN SN NN SN NN N | TR N N T T TN NN N SN O N |
10 12 14 16 18 20 22 24 26 28 30 32 10 12 14 16 18 20 22 24 26 28 30 32 NCSM EXp
hw (MeV) hw (MeV)
T T T T T T T T T T | N B S S e m m m m e Y S S S B B B B B
u +Nmax=2 9 B +Nmax:8 — r 7 . NCSM
| vt 3270 L e /27 L1
0 0 max Exp
4 Nigax = 6 ——N_ =12 0.6 .
= | W ] - '\.\\/ - —_—
> 10 |- 4 -0+ 12 172
= ] ! 1Z204r -
E‘—ZO o 4 20 _ ‘—;: 1/2”
= e
= [ ] [ 1 o2f
- _\\\‘“—-4—4—4—4—‘*‘ 17 _\\\‘—H—A—H*‘_
Exp. Exp. _— 0.0k 3/2 3/2
T e
10 12 14 16 18 20 22 24 26 28 30 32 10 12 14 16 18 20 22 24 26 28 30 32 NCSM EXp

Aw (MeV)

Aw (MeV)
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.

The results for energy levels converge
quickly.

Use the exponential extrapolation

formula to obtain spectra convergence
results.

E(Nmax) = Ag + Ay exp(—A3 * Nygy)

M. R. Xie, J. G. Li*, W. Zuo, preliminary results
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054 | 1 I 1 | I _] i | 1 I 1 I I 1 o075 E I 1 1 I | 1 _
- 0.30 . " 4 —e—hw=26

0.52 | Y ] 070F —o—hw=28

0350 L NS 0.25 d o065 F TN\ —4—hw=30 ]

50 k NV ] - . y —4—hw=32 1

- o . 0.60 | -

048 k- AW 0.20 I 1

I : | [ A { 055 | .
0.46 | o 4 015 F 0.50 | -
67 : 7 - [ .

044 FLi(1))®v 7,,—'Be(3/2)) ~ 010 | 045 °Li(15)®Y 7,—"Be(3/2)) -
(’J 1 | 1 1 1 | 1 | 1 | | | E 1 1 | | F
CE.J 2 4 6 8 10 12 2 4 6 8 10 12 0 2 4 6 8 10 12 14

0.34 | I 1 1 I | | | 1 I | I 0.23 I 1 1 I | ]

. 1.05 -
0.32 |- . l 12T SLi(0")®v %,,— Be(1/2]) 1
X {1 1.00 |- 021 1 12 g
00T 1 095 | 0.20 | ]

0.28 - -_ 0.90 0.19 - -

N i - {1 o018 | -

0.26 085 b I

- . I ] 017 F ~

0.24 | - - -

[ ] 080 - 0.16 I -

0.22 I 1 075 | 0.15 | -

0 2 4 6 8 10 12 14 0 0 14
Nmax

the exponential extrapolation formula does not apply to SF
M. R. Xie, J. G. Li*, W. Zuo, preliminary results
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© # 8@ % /overlap function % $ B F F 2 HH A

Gamow # # & 4% 5% 2Ne
23RN

v iNe: 24 3%
L. Gaudefroy, et al. PRL. 109, 202503(2012)
I Nakamuraet al. PRL. 112, 142501(2014)

Owerlap function

0.0 R
02 f

04 f

04}

02 ¢

— ®Ne+n—Ne ]
— BNe+p— PN

32 C2S

29Ne : 0.540
3INe : 0.392

r (fm)

10

12

14

16

J. G. Li, et al.,, PLB 832, 137225 (2022)
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V #Eof 3 2RhE6% T 5T A BRRIKENE % 9E & (Naure 606, 678 2022))
vV Gamow B HA R T RELALE S B2 HREH (TH0,*Mg)

Oz %% 345045483
V S#%IAZAAERENEHEDSEEREWHED SR L44
V B-NARRALZBARXTHD S TN E
v @ %/overlap function % 24 % E# #

T ES AR A XY
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L (MeV)

— 5959 5570

[ 1/2-

A 734
13431160 372 801

Resonance states lie above decay thresholds, so that they can

decay via the emission of particle.
E=E,—il'/2

v" The resonance can only be expanded with Berggren basis, but
can not with HO basis.

v The resonance states can be well described with GSM,
particularly the calculated width 1s close to experimental data.

v' NCSM lacks continuum coupling

v" Broad resonance state: *"He(1/27), "He(5/27), °Li(3/27), °Be(2"),
"B(3/2), et al.

v Weakly-bound and loose-unbound states : >*He(0+), "He(3/2"),
5Be(0%), 3C(0%), et al.

M. R. Xie, J. G. Li*, N. Michel, H. H. L1, and W. Zuo, Submitted to PRC
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05 ——— . .
b o omeoe . o e, v' 7THe(3/2) is resonance state, the asymptotic
D SFe(03) © 17 — THe(312) (GSM) | . .
2 AT e G D region of the overlap function could only be
= ], \ . . .
o3 7\ - well described in GSM calculation.
s 1 |
Z 02 F .

' X | . . . .
g L ‘N 1 v' The GFMC done in coordinate including
= N\ . .
° ‘OO S continuum effects, but difficult for resonance
P IR R R T e o T

" 0 2 4 6 8 10 12 14 16 18 X states.

0.8 r (tm)

" - %} z | v' The calculated C°S with GSM are close to

S| 4 g .

L R - experimental data.

% 05 _-;MC X g = % . Z. X. Cao, Y. L. Ye, J. Xiao, et al, PLB 707,46 (2012)
i e ST . .
0 | nesm | z{ _ v" Due to the localization of NCSM calculation,
3 — =] the calculated C2S of NCSM is smallest.
EXP
02

M. R. Xie, J. G. Li*, N. Michel, et al., Submitted to PRC
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"He(5/27) ® vp,, — *He(2})
"He(5/27) ® vp,,, — *He(27)
"He(3/2)) ® vp,,, — *He(2})
"He(3/27) ® vps,, — “He(07)
*He(2)) ® vp,, — He(5/2))
He(2]) ® vp,,, — He(5/2))
*He(2}) ® vp;,, — He(3/2))
“He(07) ® vp,,, — 'He(1/2))
*He(07) ® vps,, — He(3/27)
"He(3/2)) ® vp,,, — °He(2))
"He(3/2)) ® vp,,, — °He(0})
B(3/2]) ® mpy, — C(07)
°Be(2]) ® mps, — 'B(3/2))
Be(07) ® mp5,, — 'B(3/2])
°Li(3/2]) ® np,, — “Be(2)
"Li(3/2;) @ mp3;, — “Be(07)

|
|
|
|
|
. 3

: ©
& I
0I
¢
|

: &

I ®
|
|
|
®!

: °
|

| | | | |
0.4 0.6 0.8 1. 1.2 1.4 1.6
R
R C*Sgsm
C%Sncsm

R Y E LA VL Y

v |R — 1|~0.2 — 0.6 : strong coupling to
continuum-> related to broad resonance
states. For example "He(5/2-) + p3/2
—>8He(2+)

v" Broad resonance state: “He(1/2"),
"He(5/27), °Li(3/27), °Be(2%), 'B(3/2"),
et al.

v |R — 1|~0 : related to narrow resonance
states or weakly-bound state.

v Weakly-bound and loose-unbound
states : &8He(0+), "He(3/27), °Be(0"),
8C(0™), et al.

M. R. Xie, J. G. Li*, N. Michel, H. H. Li, and W. Zuo, Submitted to PRC
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NCGSM for multi-neutron systems

Interaction : N3LO V,; 2.1fm’!
Model space : s,/,, p3,, In Bergrren basis (45 points)

P12 Aspp310 fs12,7125 8opp N HO basis. (N, <20)
Method : Davison + overlap method

N. Michel, W. Nazarewicz, M. Ploszajczak, and T. Vertse, JPG 36, 013101 (2009)
@ NCGSM-2p2h (small) "
8t NCGSM-3p3h (small) 3
@ NCGSM-4p4h (small) L
0 NCGSM-3p3h (n.o) (small) ¢ E
Multineutron systems °f . 5
= 4 'S 3
3 4 h . =
Unbound > *
> & ¢
o | | 5 . ‘ -
Strongly coupling with gL i 0=, ZA: ish ZA: o 2 4
continuum A4 2m R o or ¢
&
-2 ’
. ) ) ) ¢
small model space : s,/,, p3,, In Bergrren basis (45 points) ol &
P11 dsp2.325 f512,712> 8o T HO basis. (N, <4 ) iveakly coumping with continyum . . -

Vo (MeV)
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0

.I'.‘Ihll'ﬁ.:: I '_-" lsﬂ LU NN R R L L A BN R L N N A BN NN NN BN RN BN LR L R
[ + 4| 4n.gs P e m—————— e T
5He 6 i —_ T
(| » 8 ; 150 - -
4 10 K . i f{ 1
amnpw 12
_F 14 / A ] 120 -f -
= f 16 + . ] —_ -]
:'E 13 ] o 18 + ’rr-" 7] ﬁ i T + —
w [ _ 1 B 90 H -
of 4 4 2 an, gs <« N,=10
- + 3 <5 ] v H v 12
[ - ] ol :' Resonance pole }g ]
5— -
C ; | ® 18
30H — SSHORSE H
] . . L 1 L = Resonance term
0 10 20 a0 40 s
MIIML"‘!'] nnllll‘lqlll|]I{]||1|115||||2|n||||2J.5|L||3n
I:_I‘l? T L T T I T T T T 'I T T T 1 'I T T 1 L] I T T L] T I T E[Mev]
,E::" Y ,p +-«- P E(tetraneutron) = 0.8 MeV I (tetraneutron) = 1.4 MeV
L * -F -
sk %P e * - .
W ,'n:*.* A x ox A. M. Shirokov,etal, PRL 117,182502 (2016)
I . % !
E - E‘.*‘ x 4n, gs - _-"n'm'._j .
2 [ ] X »
For\* R R 2019% % 5L HEodEAFdartihd
N T
L™ v 12|
wf 14 - 15t E(4n) ~ 0.3 MeV T (4n) ~ 0.8 MeV
[[4]
o ] 2%t: E(4n) ~ 0.8 MeV T (4n) ~ 1.3 MeV
[] A J o N ] A ] A J. A A J A A
0 5 10 15 20 25 30 ' on i 7 ;
F ey A. M. Shirokov Presentation in Nanjing@China 2019
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:—sz? -I-ZVWS )+ZVU+ va;k

i< i<j<k

4|a||||r|||]||||||||1|||||l 3.0 — L ,
Hl-  AVI8 +IL.2 + external well 2.0 [ ¢ 4 neutrons _—
| * 3 neutrons _— ]
1.0 T A
0.0 :_ r"'*-- = ,.’ - .~ R
_ i .x-'f - - o -2 g ]
- —~ —1.0}- j.--"# -. B I
; =z ; .- # :
= = 2{1_ng=4.5£|]:! o 4 » & E
 — = _,,f_.-'r - -
) m _3-{]://’ - S ] ]
- » = 00H - NLO 1
—4.0}- w & = t N°LO I B
<ol Rws = 6.0 fm_ “ =40 e ! 1 ]
T : - =4.0 . - 'HWB 6.0 fmn | ]
—6.01- Rws = 7.5 fm ol R
._‘ : | | | - : | | | 30  —20 | ~1.0 ]

12 1 1 1 | | 1 | | [ [ [ [ [ [ [ | [ 1 | [ [ _ [’ | L | | I 1 | L | | |

-3 -4 -3 -2 -1 0 724 0 =35 =30 =25 -20 =15 =10 =05 0.0
V, MeV) Vo (MeV)
Steven C. Pieper PRL 90, 252501(2002) S. Gandofi, et al., PRL 118,232501(2017)

enitint, Lt EEA
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gl © NCGSM-2p2h |
" NCGSM-2p2h (n.0.) =37 Mev
or a NCGSM-3p3h (n.o.)
— 4 * DMRG (n.0.) 1
A=17fm™! A= 1.9 fm™! A=2.1fm"! %
N3LO 7.27 (3.69) 7.28 (3.67) 7.28 (3.69) 2 2 B n
N2LOgp, 7.32 (3.74) 7.33 (3.78) 7.34 (3.95) ~—
N2L0m* 7.24 (3.48) 7.22 (3.58) 7.27 (3.55) Ll] ’
JISP16 700 (3.72) OF-ooooe @ @ P Anibashord]
2 -
N3LO
4t A=19fm ! -
-6

20 18 16 14 12 10
Interaction scaling factor

K. Fossez, J. Rotureau, N. Michel, and M. Ploszajczak, PRL 119, 032501 (2017)
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s X ﬁ-‘ﬂ'ﬁ- HO /Berggren % % A %

= — Z p— VZ + 25 Vij + 2ijk Vijk
NCSM/SM NCGSM/GSM

I' ———
E il
Berggren A& @ e

Closed quantum system @% %‘ ‘5 iﬁ,’;ﬁ 'i’%%% @ Open quantum system
well bound — scattering continuum

HO basis Berggren basis

N. Michel, M. Ploszajczak, The Gamow Shell Model, Springer ,
N. Michel, et al., JPG 36,013101 (2009)

J. G. Li, et al., Physics 3, 977 (2021)

J. G. Li, et al., Phys. Rev. C 100, 054313 (2019)

J. G. Li, et al., Phys. Rev. C 104, 024319 (2021)

E. Caurier, et al. RMP 77,427 (2005)
T. Otsuka, et al, RMP. 92,015002 (2020)
B. R. Barrett, P Navratil, and J. P. Vary PPNP 69,131(2013)
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IF/IN & o R & A # ‘He: &4 & ## %

x| v 107" —— *He NCGSM

A Sip &S — “He NCGSM
MV ———f= £ — 27 10~ — SHe NCSM
k’ 'pl‘[g —:r P MeV - 6HeExp
v 25| 2 I”F .{I“F "RE
3121 ld“@@,b 510_4 % %18 A
; = @-@ §’ 10 |
Pin 7o 4
5424 s (D& T
{193 v Ipp, - " 7") 3 1076 |
lde 120, 7 Al
- g, 16N 4 10° )
9+ 7 9 10_8 | k \ WY .
0 1 2 3 4 5 6 7 8 9 10
LStefan et al., PRC 90, 014307(2014) r (fim) Az AT 24
N. Michel, J. G. Li, et al PRC 106, L011301(2022) . >
S. Zhang, F. R. Xu et al, submitted to PRC J.G. Li,etal, X% % %4
pJ ¥ » > >
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