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“**NCSM + HORSE = continuum spectrum




No-core Shell Model

NCSM is a standard tool in ab initio nuclear structure
theory

NCSM: antisymmetrized function of all nucleons
Wave function: ¥ = AH ¢i (1)

Traditionally single-particle functions ¢;(r;) are
harmonic oscillator wave functions

N, .x truncation makes it possible to separate c.m.
motion



No-core Shell Model

NCSM is a bound state technique, no continuum spectrum; not
clear how to interpret states in continuum above thresholds -
how to extract resonance widths or scattering phase shifts

HORSE (J-matrix) formalism can be used for this purpose

Other possible approaches: NCSM+RGM; Gamov SM;
Continuum SM; SM+Complex Scaling; ...

All of them make the SM much more complicated. Our goal is to
interpret directly the SM results above thresholds obtained in a
usual way without additional complexities and to extract from
them resonant parameters and phase shifts at low energies.

| will discuss a more general interpretation of SM results



J-matrix (Jacobi matrix)
formalism in scattering theory

« Two types of L2 basises:

« Laguerre basis (atomic hydrogen-like
states) — atomic applications

* Oscillator basis — nuclear applications
 Other titles in case of oscillator basis:

HORSE (harmonic oscillator representation
of scattering equations),

Algebraic version of RGM



J-matrix formalism

Initially suggested in atomic physics (E. Heller, H. Yamani,
L. Fishman, J. Broad, W. Reinhardt) :

H.A.Yamani and L.Fishman, J. Math. Phys 16, 410 (1975).
Laguerre and oscillator basis.

Rediscovered independently in nuclear physics (G. Filippov,
|. Okhrimenko, Yu. Smirnov):

G.F.Filippov and |I.P.Okhrimenko, Sov. J. Nucl. Phys. 32, 480
(1980). Oscillator basis.



HORSE:

Schrodinger equation:
H'W,,.(E,r) = EV,,,(E,r)

Wave function is expanded in oscillator functions:

1 .
lI»']m(E,T) = ;'I.L[(E,?’) Yl'm(r)s

oC

(B ) = a(E) Rulr),
n=0

Schrodinger equation is an infinite set of algebraic equations:

0

> (Hp = Spn)ann (E) = 0.
n’=0

where H=T+V,

T — kinetic energy operator,

V — potential energy



HORSE:

Potential energy matrix elements:
1
|nlm) = ¢n!m(r) = ;R,,;(T’) YZm('A')a

nn' =

For central potentials:

V¥ = {nlm|V|al'm'y = / Grim(T)V bt (1) P

fof:’ = V;fn" = 5mm’511’ f Rn[('f') 1% Rn’l(r) dr
Note! Potential energy tends to zero as n and/or n” increases:
V¥ 50, n,n' = oo

nn’

Therefore for large norn’:
TL > VY norfand w1

A reasonable approximation when n or n” are large

H =T +V, =T , norfandn' > 1.



HORSE:

* In other words, it is natural to truncate the potential energy:

nn

7 Vi, if nanda <N;
- 0 if n or »' > N.

« This is equivalent to writing the potential energy operator as

N N
V=YY" 3 |nim) VE (n'tm]

n=0 n'=0 LV mm’

« Forlarge n, the Schrodinger equation

oo

Z (Hrlm’ - (Snn’E) an’l(E) =0
n'=0

takes the form

oo

> (T} = bunE)ani(E) =0, n>N+1

n’=0



General idea of the
HORSE formalism

Infinite set of algebraic equations

N
S (T + Vi =6wE)aun(E) =0, n<N-1

n! =0
T+V
Matching condition at n = N:
N
D [(Thw + View = SnvwE) awi(E)] + T yprans1(E) = 0
n'=0

Z (T:in’ - ann'E) a’n’i(E) = U, n Z N+1

T ettt {E)+ (T, — E)an(E) + T 41 Gng1,1(E) =0

n, n—

\ And this looks like a natural
PR T extension of SM where both
This Is an exaCtIY \ potential and kinetic energies are
solvable algebraic problem! truncated



Asymptotic region nz2 N

« Schrodinger equation takes the form of three-term recurrent relation:
T ne1 @1, E) + (T1 — E)a(E) + T, 41 Gag1,i( E) = 0

» This is a second order finite-difference equation. It has two
independent solutions:

_ o n! 141 _q_2 41, 5
S"’(E)_\/r(n+z+3/2)q e’q’( 2) L ta),

e mron!
CulE) = 1)1\/F('rz+l+3/‘2 I(- l+1/2 ( )
X O(—n —1—1/2, =1 +1/2; ¢)

where dimensionless momentum ¢ = %

For derivation, see S.A.Zaytsev, Yu.F.Smirnov, and A.M.Shirokov,
Theor. Math. Phys. 117, 1291 (1998)



Asymptotic region n2 N

« Schrodinger equation:

nt @=L, B) + (T = E) an(E) + T, 4y g i E) = 0

» Arbitrary solution a,(E) of this equation can be expressed as a
superposition of the solutions S,(E) and C,(E), e.g.:

* Note that

ani(E) = cosd(E) Sy(E) +sind(E) Cpy(E)

Z Svi(E —)jl(qr) ~ sm(qr = %l),

Z CN,(E)le(r);—o)o —ny(gr) ~ cos (qr - %l)

n=M



Asymptotic regionnz2 N

»  Therefore our wave function

8.1~ S enlE) ) g0 1+ 5)

n=0
 Reminder: the ideas of quantum scattering theory.
* Cross section
o ~siné
«  Wave function

) oooml
1\ ——)sul(qr+<) - ?)

r—0C

« 0 inthe HORSE approach is the phase shift!



HORSE solutions

Schrodinger equation
N

H. (0| \) = Ex(n|)), n<N
n’'={_
Inverse Hamiltonian matrix:
N
X)X |n')
H-El=-94_ = (|
(H-E)py ==, "5 F

N=0

Phase shifts:

SNi(E) — 9w Ty yp1 Sn+1(E)

tano{ F) = —
no(E) CNi(E)Y — 9nn T4 nat Cns1u(E)

Syi1(E) and Cy;(E) are the functions which can be expressed
analytically



J-matrix, P-matrix, R-matrix

HORSE is a discrete analogue of the P-matrix approach, P = R™1.
Oscillator expansion: ¥ = ).y ay@y-

At large quanta N, the oscillator function ¢y is a high-oscillating function

at distances up to the classical turning point b€ = ryv/2N + 3 and rapidly
decreases at r > b°; hence only the vicinity of b¢* contributes to the

integral [ oy (r)f()dr and
on () mANMr —19V2N + 3).

Truncating potential matrix within HORSE at very large N is equivalent to

P-matrix formalism with channel radius b = ryvV2N + 7. If N is not
extremely large, HORSE is a discrete analogue of the P-matrix formalism
with a natural channel radius b = ryv2N + 7; the oscillator function ¢,
differs essentially from the §-function, but the matching to free solutions is
defined not in the coordinate space but in the discrete space of oscillator
functions that seems to be more natural for RGM, shell model and other

approaches utilizing oscillator basis
(see details in Bang, Mazur, AMS, Smirnov, Zaytsev, Ann. Phys. (NY), 280, 299 (2000))



[RIOIRSIE: @lnargeed particle Secattering

J. M. Bang, A. |. Mazur, A. M. Shirokov, Yu. F. Smirnov and S. A. Zaytsey,

Ann. Phys. (N.Y.) 280, 299 (2000 r
Vnucl+VCl, rsR', R|>Rnucl

Auxiliary short-range potential V=
0, r<=R'

"

Within HORSE one can calculate g _ _ S~ G Ty waSwans
phase shift G/Sh . CNI - GNNTAII,N+1CN+1,I

We Ui F) =Wy (n, F) tan &)
W..(j,,G,) - W, (n,,G)tand"

Extension HORSE tano, = -

Quasi-Wronskian W.(j,,F)= (: [ j,(kr)]F,(n,kr) - Ji (kr)di[F,(n, kr)])
r

r
J,(kr), n,(kr)
En.kr), G,(n,kr) Bessel and Neumann functions;

r=R'

. M212262 Coulomb functions;

L k Sommerfeld parameter.

Natural channel radius R’ = b°! = ryW/2N + 7 is the optimal choice for R'.



HORSE applicability

HORSE was successfully used within RGM

HORSE was successfully used in various cluster models, e.g.,
1Li disintegration

Coulomb interaction can be accounted for within HORSE

Inverse scattering HORSE theory has been developed and
used, e.qg., for constructing JISP16 NN interaction

However there are problems with a direct HORSE extension of
modern shell model calculations



Problems with direct HORSE application
to NCSM

Svi(BY — 9nn Ty np1 Sn+1.1(E)

tand{ B) = —

ano(E) CnilE) = 9NN Ty ng1 Oner1(B)
« A lot of E, eigenstates needed while SM (H—FE)\ = -4, i {n| XY {X]|n)

nn! = 7ol T Ey—E
codes usually calculate few lowest states only N=0
N

* One needs highly excited states and to get H D) = Bx(n])),  a<N
rid from CM excited states. n'=0

« (n’|\) are normalized for all states including the CM excited
ones, hence renormalization is needed.

« We need (n’|)\) for the relative n-nucleus coordinate r, 4 but
NCSM provides (n'|A\) for the n coordinate r, relative to the
nucleus CM. Hence we need to perform Talmi-Moshinsky
transformations for all states to obtain (n'|\) in relative
n-nucleus coordinates.

« Concluding, the direct application of the HORSE formalism in
n-nucleus scattering is unpractical.



3, (degrees)

Example: na scattering

1. & ‘o . % .
1004 = oo™
3
experiment
1 N =100
u lan
50- [
) - = N, =400
=--= N_ =600
--=-- N_ =800
— N_, =1000
o | J | J L J LJ l L | J LJ LJ ' | J L] LJ L J ' L L LJ L J ' L]
0 5 10 15 20



Single-state HORSE
(SS-HORSE)

N
Z HE (0|2 = Bx(n|X), n<N

n’=0

| X)(X|n')

N
—_— _1=_ ) = (
- i = - 3 0

nn'
M=0

Svi(BY = 9nn Ty np1 Sn+1.1(E)

tand{ F) = —
(E) Cni(E) — 9nn Ty gy Onar(B)

Suppose E = E;:

Sni+1,1(EN)
E — )
tan §(F)) 1 1(Br)

Calculating a set of E, eigenstates with different hQQ and N,,,, within
SM, we obtain a set of J(E£)) values which we can approximate by
a smooth curve at low energies.



Single-state HORSE
(SS-HORSE)

N
Z HE (0|2 = Bx(n|X), n<N
n’'=0

| X)N|n')
Ey—E

N
(H-E) = %= (

N=0

_ Swi(B) = G Thy vyt Sn+1(E)
CvilE) — 9Iun Ty na1 Cns1i(E)

tand(F) =

Suppose E = Ey: Note, information about wave

~ Snt1,(Ey) function disappeared in this formula,

tan 5(E>\) — CN—}—l,l(E)\) any channel can be treated

Calculating a set of E, eigenstates with different hQQ and N,,,, within
SM, we obtain a set of J(E£)) values which we can approximate by
a smooth curve at low energies.



Convergence: model problem

tan 5(B) = Sni(E) — 9w Tiy gy Sn+1,1(E) (H - B)~ = 3 XN: {(n| VYN |n')
CvilE) — 9Iun Ty no1 Cns1i(E) an! = T Fnl T Z~ Ey—FE
Z A0 AY = Ex(n|A), n<N
n'=0
120 . W “\'_\ | | ' -/'" """""" --
[ IR e . *, i
B : . ek T ]
of g T X
%\ | 1| : * — Exact e 5
Q - [ : N=1 .
h y ——-- N=2
o 60 i ——~ N=3 =
S L po |- N=>5 1
) a2 == N=10
o ¥ SS-HORSE. N=1 .
3ok [l X SS-HORSE.N =2 _
4y, + SS-HORSE.N =3
i B SS-HORSE.N =35 -
I ® SS-HORSE.N =10 :
O ]3 | 1 1 1 | 1 1 | 1
0 5 10 15 20

E (MeV)



degrees

Universal function

] S (E)
arctan(- Sy, )/ Cy,1 ) fnl (£) = arctan| - Cnl (E)

N+1=10, 1=0

1980 I 1 I 1 I 1 1 I I I I 1 1 1 I

1800

1620

1440

[ L 1 | L1 T Ll L1 |
0
0 5 10 15 20

Ecm (hQ)



scaling property

S (E) ]

f,(E)= arctan(— C (E)

[ ] [ ] >> 2
. n —_—
Limit n — oo 70

Soi(q) ~gy/o (n+1/2 4 3/4)7 5y (2g/n + 1/2 + 3/4)
oy /To (n+1/2 4 3/4)77 sin[2g\/n+1/2 + 3/4 — 7l /2]

Ci(q) = — qy/To (n+1/2 4+ 3/4)1 ny(2q\/n + 1/2 + 3/4)
~y\/ro(n+1/2+ 3/4)7 i cos[2q\/n +1/2 +3/4 — 7l /2]

2F
qd =\ 7~

I719)
So f, (E) = arctan Sn+1.1 () is a function of € =

mELIMES Cns1,1(E) I

hQ hQ

where scaling parameter s = T = N

Ecm




Universal function scaling

E_[2IN+]D)+[+3/2]
E, (MeV)=e=—= ( hQ) /
Iy = -aretan(Sy,, /O, )
hQ =20 1=2
Ps |
: (0] N+1= 5 :
+ - 10
150 - . NoIs ’
B N+1=20 7
§ 100 |- .
en
2
s0]- i
oL |
0 5

¢ = E [2(N+1)+14+3/2] /hQ2

10



Eigenstate behavior in the
presence of resonance

hQ hQ Sni11(Ey)
S = = — )
2n+1+7/, N+7/, tan (£




S-matrix at low energies

Symmetry property: S(—k) = S(lk:)

S(k) = exp 2id
Hence 5(—k) = —6(k), k~VE,
6~ CVE + D(VE)’ + F(VE) + ..
As k—0: 6 ~ Kk ~ (\/E>2£+1
 k+ ik
ok — ik
0p ~ 7 — arctan \E +eVE+dWE)? + f(VE)...

' k4 i) (k — kD
Resonance: SO (k) = ( (7;))( (i)*>

S (k)

Bound state:

avVE

b2

d1 ~ — arctan



How It works



na scattering: NCSM, JISP16

EA A, Npax) = EL7 (m Nuax) — BL74H(hQ, Nipay)
'A‘ 'N;nalx='2"l""l""l""
|+ 4 na,p3/2
10 : g Select 1 7] g = hQ
| < 10 - )
N (R (Nmax + 2+ £+ 3/2)
3 16
Z  |le 18
= S A +‘ + ] S E
i ot P N—l—l,l( )\)
e, tand(Fy) =
oA Cnt1,(EN)
O gy +
s [MeV] T T T I
« N_ =2 1 120( 7
N max 4 na, p3/2 X i
<
10 , g A > 600 MeV/c i .
< 90| 2
— v 1z - + 4
% | 8 n(X., p3/2 * g
= - | 4
> 12 60 - A > 600 MeV/c < 10
Ll] (7] - d > o v %?1
- + 16
30 o 18
i o — Method
E — App. exp
0 | L L L L | L I
0 5 10 15

E_ [MeV]



E, [MeV]

na scattering: NCSM, JISP16

(RS2, Npnax)

Ek(hﬂa NmaX) — Efzg)(

15

4dAv e+ x

| ! | ! |

no, Py,
Select 2: Nmax=2--4

120

ovda
> o n(l, p3 /2 + max 4
or_ Select 2: Nmax=2--4 — Method
a . . — App. exp.
: * Exp.
0 . h
Vq b
| , | ]
10 15

E_ [MeV]




na scattering: NCSM, JISP16

E)\(hQ, Nmax) — ES\A:E)(hQa Nmax) — E3\424(h97 Nmax)

512—arctanEg2 +cVE+dWVE)? + .., c:—%.
3/27, n—"He a, MeV 2 b2, MeV d, MeV ™ 3 E., MeV T', MeV \/d ~—, MeV # pts.
A > 600, Nypaz =6+ 18| 0.505 1.135 —0.00009 1.008 1.046 0.031 46
Select 1 0.506 1.054 +0.00647 0.926  1.008 0.053 63
Select 1 + (Nmaz =2)| 0.506 1.019 +0.00932 0.891  0.989 0.070 68
Select 2: N,,,. =2+4| 0.515 1.025 +0.0101 0.892  1.008 0.106 11
Select 2: Nypaz =2+6| 0.512 1.022 +0.00988 0.891  1.002 0.097 18
Select 3: Npor = 12 0.469 1.307 —0.0265 1.197 1.050 0.011 8
R-matrix [3] 0.80 0.65
J-matrix [4] 0.772  0.644
Fit with exp. data 0.358 0.839 +0.00559 0.774  0.643 0.21 [deg] 26




Tetraneutron

Experiment: K. Kisamori et al., Phys. Rev. Lett. 116, 052501 (2016):
Er = 0.83 = 0.63(statistical) ¥ 1.25(systematic) MeV; width I' < 2.6 MeV



Tetraneutron

« Democratic decay (no bound subsystems)
* Hyperspherical harmonics:

U(ry,re,....74) = P(p) Vi (Q), p= \ Z('ri — R)2,

O = P5(p) =p P 0k (p), L=K+

K2 d? L(L+1 ,
£ >] DE(0) + 3" VoL (p) = BOE(p).
ﬁ/

— |— +

2m | d?p 0
Approximation:
the only open channel is with £ = Lin = Knin + 3 = 5.

All possible £ (K) values are accounted for in diagonalization of the

NCSM Hamiltonian



Tetraneutron

S-matrix: S = exp 2id6~°
0 =CVE+DWE)}+F(E) + ...

AsE—0: 6~ (VE)*T ~ (VE)' — huge power!

0 = — arctan Ea\jE[ﬂ — ¢36(F),
oy VE s (VE) +¢(VE)

14 weFE +wiE? + wgE3 + dE

ot =00 (VE) 0 ((VE)")



_Tetraneutron, JISP16

30 —

[ < Nmax= 10
| v 12 4n, gs

14 g
§ 16
(| ® 18
—— SS HORSE

[\
W
|

\®)
(e
H|

L1 1 1 I | I | I | N | I | I | I L1 1 1 I L1 11
E [MeV]
>

1 I 1
0 0.5 1 1.5 2 25
s [MeV]
120 T T T T I T T T T T T T T I T T T T I T T T T I T T T T

4n, gs |« Np=10 |
v 12
60 14

L 16 4
o 18
— SS HORSE
30 .

O [degrees]

o 5 10 15 20 25 30
E [MeV]



Tetraneutron, JISP16

120 ——
90 -
P 4n, gs | < Nyy= 10
L
o
o I o 18 ||
+ — SS HORSE
301 .
Resonance parameters:
E,=186keV,F=815keV. | ., . ... i ...,
0 5 10 15 20 25 30

E [MeV]
A resonance around
E, = 850 keV with width
around ' = 1.3 MeV is
expected!



Tetraneutron, JISP16

Resonance parameters:

E, =186 keV, [ =815 keV.

A resonance around

E, = 850 keV with width
around ' = 1.3 MeV is
expected!

O [degrees]

120

180 T T 1
4n, gs | « Np,= 10
v 12
14 H
16
°® 18
— SS HORSE |-
— Res. term
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 5 10 15 20 25
E [MeV]
Can it be a virtual state? No.

150

D \O
) -]

(UY)
-

30



Tetraneutron, JISP16

120 ———
Can it be a combination of a 90~
false pole and resonant pole:  _
— 4n, gs [« Npy=10
5 tan -2V g 60 M
= — arctan Q
E — b2 =, I 16
“© I o 18 ||
E — SS HORSE
—arctan 4 | —— — ¢3,6(E)7? 301 .
|E| _
0 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 10 15 20 25 30

E [MeV]



Tetraneutron, JISP16

180_ T T T 1T
150 -
: o 120 -
Can it be a combination of a
false pole and resonant pole: 90 - v
2 « N =10
oV E S 60| 4n, gs v T
0 = — arctan eb [ 14
E —b? S 30 N
o Res+False o %g i
E Of — SS HORSE ]
—arctan 4 | —— — ¢3,6(E)? ol — Res.term |
|Ef| | — False term
'60‘L h
_90_ Lttt
0 5 10 15 20 25
Yes! E [MeV]

Resonance parameters:
E, =844 keV, I =1.378 MeV,
Ef.se = -55 keV.

30



Tetraneutron, JISP16

1 T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
90 —
g B 4n9 gs < Nmax= 10 7]
= q v 12
%D 60 B 1g |
[ | . 1 |
o _ Comparison o 18| |
+ Res
30+ — Res+False|
O | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
. _ 0 5 10 15 20 25 30
OptlonS. E [MGV]
Resonance parameters: Or

E =844 keV, =1.378MeV, £ —186keV, I =815 keV 22?
Eroise = -55 keV.



Tetraneutron, Daejeon16

120 I I I I T I I
90 -
’g‘ i 4n7 gs ¢ Nmax: 6
= : > 8
%0 60 Daejeonl16 | 10 |
=,
o I Selectl: Res | ¥ 12
i 14
16
30 o 18 |5
i — SS HORSE| |
O | I I | | I I | | L1 1 1 | | I I | | L1 1 1 | L1 1 1 | I I | | L1 1 1
0 5 10 15 20 25 30 35 40
E [MeV]
Resonance parameters: Similar results with
E,=0.997 MeV, I =1.60 MeV, SRG-evolved Idaho N3LO

Efse = -63.4 keV.



The 2018 development

Larger model spaces (up to N, = 26) and smaller AQ values:
We get phase shifts at smaller energies and find that it is
impossible to fit 6 ~ k! at low energies

Tetraneutron. JISP16, Nmu=‘26

Hypersherical phase shift

Origin: 20————————————————————
Hyperspherical potentials are i e oN -6
long-ranged: V ~ p~3 for 3 bodies, [ =
for 4 bodies? o
Such a slow decrease of the interaction % 6ot o
spoils the phase shifts at low energies = e
30 )
The long-range V ~ p~3 (?) behavior of _ N
hyperspherical potentials spoils the
phase shifts at low energies and results 0g—— - E—

in convergence problems at large Ny, E [MeV]



0 [degrees]

The 2018 results with JISP16

Before 2018: convergence seems
to be achieved at N, < 18

120 T T T T I T T T T I T T T T
00009 )
L v Y4 < 4'? P Bey Wiy i
RSN . o LA PR i G
90} v<>>‘o + F -
e <> o 4+ 4
v ¢ T
I ‘» + 4n, gs Nmax=2 1
o * + 4
60_ x + P 6 ]
- + > 81 1
i | 10| |
O v 12
30 14|
I 16|
e 18
O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 5 10 15 20 25 30

E [MeV]

At 2018: convergence seems to be not
achieved when larger N, were
calculated

Phase Shift - Convergence

120
100
80 T
5
Nmax
'-% 60 | ~0 — 14
‘02 im -2 16
40! I 4 18
4n .6 .20
JISP16 ~8 22
20 ~ 10 - 24
12 . 26
00 5 10 15 20 25

Energy [MeV]

Stefan Alexa — IKP TUD - Hirschegg 2018 - 1
:




The 2018 results with JISP16

At 2018: however, the convergence seems to be achieved at the smallest energies

Phase Shift - Convergence

120
100¢ = é_._ _
sol 11/
3 |
NmaX
-E\: 60 - 0 —-— 14
< b ~2 16
40| 1/ ~ 4 18
4n L6 . 20
JISP16 8 2
20t# ~ 10 — 24 |
12 . 26
0 . | . |
0 5 10 15 20 25

Energy [MeV]




The 2018 development

To resolve this problem we use the J-matrix inverse scattering approach
(S. A. Zaytsev, Theor. Math. Phys. 115, 575 (1998); AMS et al, PRC 70,
044005 (2004); PRC 79, 014610 (2009)); i.e., we construct an interaction
as a finite tridiagonal matrix in the oscillator basis describing our
SS-HORSE hyperspherical phase shifts obtained with some N, value
and search numerically for the S-matrix poles.

|deally we need to construct the infinite potential matrix to guarantee the
description of the long-range p~3 interaction tail, but ...

So, we construct a set of interaction matrices of increasing rank N, obtain
the poles and extrapolate the resonant energies and widths supposing
their exponential convergence with N.



The 2018 results:
inverse scatterina phase shifts

4n JISP16
120 ! ! T T | T T T T T

+ N__ =26 SS-HORSE
— (10x10), hw =0.15 MeV
-—— (10x10), hw =0.45 MeV
----- (16x16), hw =0.15 MeV
== (16x16), hw =0.45 MeV

O [degrees]
(@)
S
|
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The 2018 results:
iInverse scattering phase shifts

With larger matrix of the

inverse scattering

potential (and larger A

value) we describe
phase shifts in a larger
energy interval
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The 2018 results:
energy and width for N, = 26
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The 2018 results:
energy and width for various Ny,

4n. 1-stres.. J-matr. IS, JISP16
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The 2018 results:
surprisingly, we have two resonances

4n, 2-nd res.. J-matr. IS. JISP16
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The 2018 JISP16 results: extrapolated
resonance energies and widths

4n, 1-stres., J-matr. IS, JISP16
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The 2018: extrapolated resonance energies
and widths with various interactions
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Summary

« HORSE can successfully used within RGM, cluster
models, etc.

e Within the NCSM, the SS-HORSE version seems to
be more practical.

* For three- or four-body democratic decays one needs
additional efforts like inverse-scattering
parametrization to allow for long-range interaction.



Workshop questions

We were discussing what do the people doing reactions need from the
people doing the nuclear structure. However structure guys also have
some requests for reaction experts.

Using nuclear structure + scattering theory (but not reaction theory)
methods we obtained some S-matrix resonant poles for tetraneutron.
How do they manifest themselves in the cross section of the reaction
“He(®He,2Be)*n? What is the mechanism of this reaction? Can it be
that the increase of the “He(®He,8Be)*n reaction cross section is
associated not with the S-matrix poles but with the reaction
mechanism, e.g., can it be a threshold effect? How to link our S-matrix
poles, states in the continuum, etc., to the reaction cross sections?

Thank you!



