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Outline

= What is meant by ab initio in nuclear physics

= Chiral nuclear forces

» Bound-state calculations: No-core shell model (NCSM) g"‘o‘
* Including the continuum with the resonating group method

= NCSM/RGM i e ’A‘
= NCSM with continuum -

= Outlook ’ + (‘Qr/.
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What is meant by ab initio in nuclear physics?

* First principles for Nuclear Physics:
QCD
— Non-perturbative at low energies
— Lattice QCD in the future

 Degrees of freedom: NUCLEONS

— Nuclei made of nucleons

— Interacting by nucleon-nucleon and
three-nucleon potentials

oAb initio

<> All nucleons are active

< Exact Pauli principle

<> Realistic inter-nucleon interactions

< Accurate description of NN (and 3N) data

¢

Controllable approximations
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From QCD to nuclei

(11 @ Low-energy QCD |

‘ ‘ NN+3N interactions hange
from chiral EFT tials

Nuclear structure and reactions
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Chiral Effective Field Theory

* First principles for Nuclear Physics:

QCD
— Non-perturbative at low energies \m Som U Bk
— Lattice QCD in the future ﬁf )< H
« For now a good place to start: b 4
» Inter-nucleon forces from chiral ob | )< AR
effective field theory NLO: -
— Based on the symmetries of QCD [{
 Chiral symmetry of QCD (m ~m ~0), } + {

spontaneously broken with pion as the 3
Q B
Goldstone boson NNLO *

» Degrees of freedom: nucleons + pions By ),)( X
A

— Systematic low-momentum expansion to .
a given order (Q/A\) K*{'”:H\:: |
| % Lk KUEX TR
— Hierarchy NLO | .- n| . '
— Consistency . e
— Low energy constants (LEC)

 Fitted to data A~1 GeV :
» Can be calculated by lattice QCD Chiral symmetry breaking scale
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The NN interaction from chiral EFT

PHYSICAL REVIEW C 68, 041001(R) (2003)

Accurate charge-dependent nucleon-nucleon potential at fourth order
of chiral perturbation theory

D. R. Entem'”* and R. Machleidt""
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Leading terms of the chiral NNN force

Chiral EFT provides a link

From NN & between the medium-range
pion-nucleon T 7 "% 1~ (¢ term) NNN force and
scattering the meson-exchange

current appearing in

B Ga D

nuclear beta decay

1.5 -
. A=3 E Al R TE
w—— Full Calculation
= = = No MEC
0.5 1 — — No 3NF
== = No MEC. No 3NF|
w | R dR=() ]
O 0 - no3NF, ¢,=34
0.5 - —3H )
' A\ — |/3 All3 ~
—3He (E{) = |CHel|E4|[PH)|
-*-average e
_15 T T T T T T T T T T T I OQ)SHHHH"HHHHHHHEHT.—-
-8-6-4-20 2 4 6 81012141618 | | . AN | . l . 1 . | i
CD -4 -2 0 2 4 6 8 10
C
D
N N N p a ra m ete rs d ete rm i n e d Three-Nucleon Low-Energy Cog;tan:c;gbm 'the]S:]':isé;Le::,?;“f Interactions and Currents

from the 3H binding energy and half life
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From QCD to nuclei

Qo Low-energy QCD|

Q
ate
‘ | ‘ NN+3N interactions «change
from chiral EFT ntials

Nuclear structure and reactions |
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No-core shell model

* No-core shell model (NCSM)

— A-nucleon wave function expansion in
the harmonic-oscillator (HO) basis

— short- and medium range correlations
— Bound-states, narrow resonances

qj(A) — EC)L (A)"A’>

A \
Unknowns
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From QCD to nuclei

Low-energy QCD ‘

NN+3N interactions
from chiral EFT
Unitary/similarity %
transformations induces 3N
. |qj> A E|‘P> Many-Body methods %

Nuclear structure and reactions |

10




R TRIUMF

Calculations with chiral 3N: SRG renormalization needed

—24 T | T | T | | L | T | T | T | T | T | T

\\ e -@ bare (36)
4 \ v—v SRG (2.0/28)

Chiral N3LO NN plus N2LO NNN
potential

— Bare interaction (black line)

« Strong short-range
correlations

» Large basis needed

— SRG evolved effective
interaction (red line)

» Unitary transformation

+_ dH,
1 H.=UHU;=—~ =|[T.H,].H,] (O‘:%ﬁ)

3
N’LO (500 MeV)
NN + NNN
\
\‘\
F . e 1 ...... ‘54'—1-—..
_ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
29246811214161820
N
max

Evolution of Nuclear Many-Body Forces with the Similarity Renormalization Group

E.D. Jurgenson,' P. Navritil,” and R.J. Furnstahl'

A=3 binding energy and half life constraint
cp=-0.2, c=-0.205, A=500 MeV

* Two- plus three-body
22 components, four-body
omitted

e Softens the interaction
= Smaller basis sufficient
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NCSM calculations of ®He g.s. energy

¥ e A B B B B I B
_14-_ 6 3 ° Ozmaxzi _-
g He wortow o
L =2.02 fm o—ON_=8 ] i}
o] Dependence on:
3 <+—4qN_ =12 4
% —20_0 +--+extrap =
z ol - I I .
= oo o Basis size N ax
% HO frequenciitiss
28 .
_30'_I....I....I....I....I....I...I....I....I. ..1...1_
ct+ » - ¢y ey 1y
12 13 14 15 16 17 18 19 20 21 22
hQ [MeV]
. . Eqs. [MeV] ‘ “He °He
Soft SRG evolved NN potential NS ST il
v" N, convergence OK NCSM extrap. | -28.22(1)  -29.25(15)
Expt. -28.30 -29.27

v Extrapolation feasible
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NCSM calculations of °He and "He g.s. energies

2 T T T T T T T
I N =2
_14+ 6 max_
I He sreNLonn [@ @Naust
-16 - 1 o—aN,,=6
L A=2.02 fm o—ON_ =8
18k A—AN,_ =10
L N, -I2
% —20_—0 + - - 4 extrap
=2 b o
) 3 1) i
B 24_D\D\D\Z\:|_:,_Z_;)___Z
_26_
_28_
o P R T R E RPN B SR R I 1
12 13 14 15 16 17 18 19 20 21 22

hQ [MeV]

v N

Soft SRG evolved NN potential

max convergence OK

v Extrapolation feasible

"He unbound

-20 A T T T T
21} NA 3 ]
nl SRG-NLONN |
NN A=2.02 fm
23 ;\\ N -
% ol A hQ=16 MeV b
> 25k NN g .
B o6l » . He 32 A
AN TA
27 A NCSM \\A\\ \\\\\A“~-:
S S
291 He o A
3% zlt é ;3 1|0 1|2 14
max
Egys. [MeV] “He ®He "He
NCSM Npmax=12 -28.05 -28.63 -27.33
NCSM extrap. 28.22(1)  -29.25(15)  -28.27(25)
Expt. -28.30 -29.27 -28.84

- Expt. E,=+0.430(3) MeV: NCSM E,= +1 MeV

*  Expt. width 0.182(5) MeV: NCSM no information about the width

2

"He unbound



R TRIUMF

Light & medium mass nuclei from first principles

= Nuclear structure and reaction theory for light nuclei cannot be uncoupled
= Well-bound nuclei, e.g. '?C, have low-lying cluster-dominated resonances

= Bound states of exotic nuclei, e.g. "'Be, manifest many-nucleon correlations

9.64 1] e s
Hoyle state: (
a-cluster | 2
resonance 6542 o 7.3666
5 _ 8 +
with p-shell Be+a p-shell 1778 (5r2,3/72)*
components : ~ AT
m / state with
"N4.4389 2 extended tail |\ | 0503
4 03200 _ ver| —=2=229
p-shell H4 108+
states 10Be__+ (/=0) n 1 JT=1/2% e+tn
- T=3/2
*With Be
— significant
DR 0Be*
components

14
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Extending no-core shell model beyond bound states

Include more many nucleon correlations. ..

NCSM :‘:‘ [qﬂ* EEC Ko }

N=0 i

+
(A—a) 7’24—/? (a)
. . ...using the Resonating
Group Method (RGM)
B ideas
(azu)‘\
% yn a, +a,,+a;, =A
@) ()
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Trial function: generalized cluster wave function

| %
S ¢1H' ru2 v ¢3M
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Trial function: generalized cluster wave function

Xt (E8) 0 (E8)EXG —_— (a)

i 2 A({glu })({§2M })({5314 }) Gu ('7u1 ’ ’7u2) (aZM) <« e
.. ¢1M.‘ ’7u2 -¢3M
* ¢: antisymmetric cluster wave functions
— {E}: Translationally invariant internal coordinates
(Jacobi relative coordinates)

— These are known, they are an input
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Trial function: generalized cluster wave function

IIJ(A) D ECK¢1K ({élrc}) — KQ:'i

+1v ({§1v})¢2v ({§2V})gv(’_ﬁ;) )y V(alv)

v

u

+ 2P _Flu 2u _>2u 3u _>3u u aul’aw G ) & Pas
et i

+ .- ¢1M" 7'#2 v ¢3M

* A, A,:intercluster antisymmetrizers

— Antisymmetrize the wave function for exchanges of nucleons between clusters
— Example: R Al
a,=A-1,a,=1 = A =-—1-YP,
i=1

1
1% \/Z
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Trial function: generalized cluster wave function

+EJ gv(’—;)Av[gblv({glv})%v({ézv})é(f_;—ﬁ)]df — Vr@ i

i Efflcﬂ (EI’RA A“ [¢1“ ({élu })¢2u ({§2M }) ¢3u ({{iu }) 6(R1 B I_ém)‘s(iéz B I_éuz )]dkldﬁz

+ -

(a2ﬂ) )

\ € 2u
. 1 R I_é
* ¢, g and G: discrete and continuous ¢ J\l &
L W Y3y

linear variational amplitudes -

(alu) (a3”)

a, +a,, +a,, =A

— Unknowns to be determined
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Trial function: generalized cluster wave function

y
_"
. . . . R
» Discrete and continuous set of basis functions 5 - ! y
lu w Psu

e
— Non-orthogonal ( am) (Cl3u)

— Over-complete o
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No-core shell model

* No-core shell model (NCSM)

— A-nucleon wave function expansion in
the harmonic-oscillator (HO) basis

— short- and medium range correlations
— Bound-states, narrow resonances

qj(A) — EC)L (A)"A’>

A \
Unknowns

21
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No-core shell model with RGM

« NCSM with Resonating Group
Method (NCSM/RGM)
— cluster expansion
— proper asymptotic behavior
— long-range correlations

P - > [dF y,(7) A, ﬂ),v>
v (A—a)
Unknowns / ”
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No-core shell model with continuum

* No-core shell model (NCSM)

— A-nucleon wave function expansion in
the harmonic-oscillator (HO) basis

— short- and medium range correlations
— Bound-states, narrow resonances

* NCSM with Resonating Group PRL1103,"02?50(;2’(Fz)'ol;lé);ag%g'g?%%itosnzié (2013).
Method (NCSM/RGM) —
_ cluster expansion The most efficient:
_ _ No-Core Shell Model with Continuum
— proper asymptotic behavior (NCSMC)
— long-range correlations
NCSM/RGM
NCSM Aeigenstates channel states

4 N\
'4 \

po-Ye, (A)‘,)L>+Efd? y (F) A

P \ v /v (A-a) 3

Unknowns
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Coupled NCSMC equations

\ h H poy )\@/ \ g N rom /\@/
(i afate) IR

Scattering matrix (and observables) from matching solutions to known
asymptotic with microscopic R-matrix on Lagrange mesh 24
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Norm kernel (Pauli principle)

Single-nucleon projectile

<(I)JTAVA (I)JT>
NJT(r r)=0,,

5(r —r)

Direct term:
Treated exactly!
(in the full space)

A—1
g, |Ih| %

AIA

~(A- 1>ER R, () (D]

(I)J T>

[ ]

=
SD <w“1 _

w(A 1>>
Vi SD
Exchange term:

Obtained in the model space!

(Many-body correction due to

the exchange part of the inter-
cluster antisymmetrizer )

(Cl 1 mﬂ A A’:::a) ERné(r)Rne(Aaa

ﬁTarget wave functions expanded in the SD basis,
the CM motion exactly removed

a‘a
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Microscopic R-matrix on a Lagrange mesh

Separation into “internal” and “external” regions at the channel radius a

N 7
Internal region /7 External region ¢
u(r)= EAcnfn(r) 2 u,(r) ~ v, [8,1,(k.r)=U,0, (k)] |C>
n Y
7 >
0 a r
n’ d B,
— This is achieved through the Bloch operator: L.= 2—5(’” — a){ =
u. dr r

— System of Bloch-Schrodinger equations:

[P+ L, + Vi (1) = (E - EC) S [ar r'WCC.(r,r' A L

u,(r) =Y A, f,(r)
. N

{axn S [O,a]}

— Internal region: expansion on square-integrable Lagrange mesh basis

— External region: asymptotic form for large r

u () ~CWkD) or u()~v[o.1.0nLU)0.(k]

Bound state Scattering state r\Scattering matrix

J. ;g(x)dx ~ > %8(x,)

[ £, f(rydr =5,
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p-*He scattering phase-shifts for NN+3N potential:
Convergence

120 F

6 [deg]

60 -

E, [MeV]
Predictive power in the 3/2- resonance region:
Applications to material science

PHYSICAL REVIEW C 90, 061601(R) (2014)

Predictive theory for elastic scattering and recoil of protons from “He

Guillaume Hupin,"* Sofia Quaglioni,'-' and Petr Navratil*>*

Differential p-*He cross section with NN+3N potentials

3.0 4 — T 4 — T T T
(@)
E‘ He(p’p ) He o Barnard et al.
<L | a  Freier et al. i
S 20 o ¢ Kregeretal
2
G
% 1.0F
o
0.0 f —— f
= | ® B d et al
— o o Barnard et al.
g 0.2 9,,= 141 u  Freier et al. E
= o Miller et al.
X v Nurmela et al.
G
5 o1f
o
] ] 0 "
0 9 12
20— .
i Nurmela et al., 4°
i Nurmela et al., 15°] ]
[ Kim et al., 20°
= L5 Nagata et al., 20° |
g [ Pusa et al., 20°
= [ Wang et al., 20°
% 10 Keay et al., 30°
Do) |
o
0.5F &




R TRIUMF Including 3N interaction in the NCSM/RGM
Single-nucleon projectile:

A - ]. A - 2 T s
VNNN Z R ’l’ |:( )2( ) <(I)i/nT|VA_2A_1A(1 - 2PA_1A)|(I)l{nT
A-1)(A-2)(A-3
_ ! ) 5 ) ) (@) |Pa—14Va-34-24-1|®;n ")
.
N \
Direct potential: in the model space Exchange potential: in the model space
(interaction is localized!) (interaction is localized!)

e A-D| _+ + + (A =
SD <w"‘1 | SD | | |>< SD <l/}°‘1 Ay i @y, gy SD

(c)

Includlng 3N interaction challenging: more than 2 body density required

PHYSICAL REVIEW C 88, 054622 (2013)
Ab initio many-body calculations of nucleon-*He scattering with three-nucleon forces

Guillaume Hupin,l** Joachim Langhammer,z*‘u Petr Navritil, >+ Sofia Quaglioni,]’§ Angelo Calci, ! and Robert Roth> 1



n-*He scattering phase-shifts for
chiral NN and NN+3N potential

Total n-*He cross section with NN and NN+3N potentials

120
8r—m—m—————7— 77 7
- _4
90 n-*He
— I 2 L i
%O 60 -—g- 6 ——  NN+3N-full
<. [ 2 A — —  NN+3N-ind =~ bare NN |]
“ 30 § ,\\
& : a4 FM X Expt. .
= ' ° '
s 071 3 I
% 3
< -30 3 2 J
-60 [
- 0 1 1 1 1 1 P | 1 1 1 1 1 1 1 1 1 1 1 1
- 0 4 8 12 16 20
-90 center-of-mass energy [MeV]

0 4 8 12 16
center-of-mass energy [MeV]

3N force enhances 1/2- <> 3/2- splitting: Essential at low energies!

PHYSICAL REVIEW C 88, 054622 (2013)

Ab initio many-body calculations of nucleon-*He scattering with three-nucleon forces
G. Hupin, S. Quaglioni and P. Navratil

Guillaume Hupin,"" Joachim Langhammer,>' Petr Navratil,>* Sofia Quaglioni,¥ Angelo Calci,>! and Robert Roth>Y
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NCSM calculations of °He and "He g.s. energies

2 T T T T T T T
I N =2
_14+ 6 max_
I He sreNLonn [@ @Naust
-16 - 1 o—aN,,=6
L A=2.02 fm o—ON_ =8
18k A—AN,_ =10
L N, -I2
% —20_—0 + - - 4 extrap
=2 b o
) 3 1) i
B 24_D\D\D\Z\:|_:,_Z_;)___Z
_26_
_28_
o P R T R E RPN B SR R I 1
12 13 14 15 16 17 18 19 20 21 22

hQ [MeV]

v N

Soft SRG evolved NN potential

max convergence OK

v Extrapolation feasible

"He unbound

-20 AN T T T T
21} NA 3 ]
N N SRG-N'LONN |
] vooN A=2.02 fm
23 NCSM \ \\ 02 fm .
= ol N hQ=16 MeV ]
2 25 N g ]
« h A -
5 26]- a "~ He 32 A
AN \A\\ ]
27 A NCSM A T
af S h S
-29_ He 0+ ﬂ~§“":
| | | | | |
_300 2 4 6 8 10 12 14
max
Fyo [MeV] | “He SHe "He
NCSM Nmax=12 -28.05 -28.63 -27.33
NCSM extrap. | -28.22(1)  -29.25(15)  -28.27(25)
Expt. -28.30 -29.27 -28.84

- Expt. E,=+0.430(3) MeV: NCSM E,= +1 MeV

*  Expt. width 0.182(5) MeV: NCSM no information about the width

9o

"He unbound
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NCSM with continuum: "He < ®He+n

150
[ J" experiment NCSMC
r Ex I Ref|Er T
00 - pooeff e A S 3/27(0.430(3) 0.182(5) [2] [0.71 0.30
% ool 5/27(3.35(10) 1.99(17) [40]|3.13 1.07
= b | 1/2713.03(10) 2 [11]]2.39 2.89
VA S 3.53 10 [15]
okt T 7 N
- 6 1 | unbound 1.0(1) 0.75(8) [5
LT3 n+ He(g.s+2"+2") ] W) ®) bl
Sor S ]
ol Y2 T [11] A. H. Wuosmaa et al., Phys. Rev. C 72, 061301 (2005).
o 1 2 ]35 MV4 5 6 7
ki (MEV] P8 st .
1‘ Experimental controversy:
py ~ Existence of low-lying 1/2- state
T — 2 ... not seen in these calculations
95(Eren) /0, e
B " Erin=FEr with three °He states
and ten "He eigenstates - -
More 7-nucleon correlations 7 7
Fewer ‘He-core states needed sz 5.6 (20.1°.0%)
0.529
“He + 3n
1,797 2
- /7
@4

—F "He
2N 0445 —
NCSMC ’ + ‘./' S. Baroni, P. N., and S. Quaglioni, He +n 6He JTE? ’

PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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Structure of °Be

3.0
2.4
1.664

°Be is a stable nucleus
... but all its excited states unbound
A proper description requires to include
effects of continuum

The lowest threshold: n-8Be (n-a-a)

Optimal description:
Square-integrable °Be basis + n-8Be clusters

®: "

32
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e (lilte

("o ki

@ o ,,)>

Lyesm 8 ©
-E
8 Nom )
8 _;. T T T T T T T T T
A (a)
[ ) — 7/2-
6= [ | T
>5F T ] ]
o 4
E,g_— e 3/2
= T e 812
of NesM =] Nesmc T
A = (| 32— ]
2¢ ] ] ] ] ] ] ] ] ] L]
6 8 10 12 €Xp. 12 10 8 6
; T T T T T T T
10 ~__ (b) 1
Ot RN R
_8F ) 92
% 7k . ; i
Zel— T -
- S5 fo—— —_— R
4L =}
2 - ]
1F NCSM A NCSMC E
[ S Ugt_
7 9 11 ©€Xp. 11 9 7
max max

negative parity

NCSMC with chiral NN+3N: Structure of °Be

7.94,

6.76

4.704

3.049
2,
2.4294°

— 1.6654 L6

r *Be + n
-0.5550
"Be +d-t

positive parity

phase shifts

Continuum and three-nucleon force effects on *Be energy levels

Joachim Langhammer,

34 5 6 7 0 1 2 3 4 5 6 17

Exin [MeV] Exin [MeV]

PHYSICAL REVIEW C 91, 021301(R) (2015)

33

1* Petr Navritil,> Sofia Quaglioni,® Guillaume Hupin,*f Angelo Calci,"? and Robert Roth"$
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NCSMC with chiral NN+3N: Structure of °Be

NN NN+3N Expt. NN+3N NN ]

I T T T T T ] -
50 L s
2 S e ' .
ST~ e 327 °Be is a stable nucleus
Vo2 —m—m=_ - ... but all its excited states unbound
L r N 'd 4 o o g g
St S e $/2- A proper description requires to include
L ~ — 12— .
ob————— | YsSm== ] effects of continuum
-1k T — 32
o | | | | Three-nucleon interaction and continuum
o ' ' ' ] improve agreement with experiment for
8L (b) ] negative parity states
7L E T e 924 |
6 B ‘ - ‘I 7 [l . . .
> sl 3 ] Continuum crucial for the description of
S Jp—— ; positive-parity states
Bl m— | 324
L53- E ST ey
2+ v -
1F -
[0) SR L _ 172+ ]
_1 [ NCSM NCSMC PHYSICAL REVIEW C 91, 021301(R) (2015) 34
| | | | | Continuum and three-nucleon force effects on °Be energy levels
Joachim Langhammer,"* Petr Navritil,> Sofia Quaglioni,’ Guillaume Hupin,* Angelo Calci,"? and Robert Roth'$
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2 3 ) ! Xv o(r'")
l)v(rr)[X:(N )G -I—Zfdrr (N72) s o }

-I-Z/drr /a’rr

Asymptotic behavior r — o0 :

X, (r)~C W(k,r) X, ()~ vy [8,1,(k,;)-U,0,k,n]
Bound state Scattering state ‘\Scattering matrix

35
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Photo-disassociation of °Be

Reaction a/(an, 7)9Be relevant for astrophysics: beginning of r-process

Inverse process °Be(y,an)a measured in laboratory

! T T T
2 ‘ i ‘ \ ‘
S 9 8
- Armold 2012) | 12 Be(y,n) Be
+ Sumiyoshi (2002)
1.5F ¢ -- de Diego (2010)
Lo Ema NCSMC | -
~RE R ... Garrido 2011) 1
= i
g 13
o i
0.5 &
3
0O - 150}
10072
En 50+
\ \) % 0
W =50+
0.30 3.0 100}
) 2.4 ;
81-6654 1664 THRESH _ 154736 ool
Be +n s He +"He + n 750
=
-0.5550 0]
IOBC + d - t 10D‘1.(192i1 ~100F
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S

The deuteron-projectile formalism:
Three-nucleon interaction

4

A-2
[SD <w;l ) la+a+a+a+a aaa

L}

For A=6 use completeness

w(A—2>> }
Vi SD
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li

d+*He Scattering Phase Shifts 6Li vs. (*He+d)+5Li calculation

I I .
150 5Dy ] [ Expt. NCSMC |
_ D3 X Xk [ — NN+3N NN+3N-ind
i —————mmm 5.74 ‘ +
135 ¢ i I 412 417 1&&
[ A 4 | — =15 I'=3.42 I =368 -
i
90 i 314 . 3.24(9) . 5" 213
. i 2.8377 ---"ﬂ""r‘:1.51 1
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G. Hupin, S. Quaglioni, and P. Navratil, arXiv:1412.4101 [nucl-th] I
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li

d+*He Scattering Phase Shifts

0 [deg]
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G. Hupin, S. Quaglioni, and P. Navratil, arXiv:1412.4101 [nucl-th]
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v Mani etal. (165)
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li

d+*He Scattering Phase Shifts
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n ; T r T (o]
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I %)
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) 0 i o X2 A
45 G
: ——- NN+3N-ind ] ) x 1
_90 : 351 \\\\\\\ — — NN-only 8 0.1 _E
2135 | | o TTe—=F
0 2 4 6
Ek:z'n [MeV] O 2 I‘ . .
0 60 120 180
0, [deg]

G. Hupin, S. Quaglioni, and P. Navratil, arXiv:1412.4101 [nucl-th]
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Unified description of éLi structure and d+*He dynamics

= S- and D-wave asymptotic normalization constants

d+*He Scattering Phase Shifts
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180 |

135 |
90 |
15 |
0]
45 |
-90 |
135 |

———————— — —— -

p e — —— =

S
p

——= NN+3N-ind ]
— — NN-only ]

\\\
-~
-~
—_——
—
—_——

NCSMC Experiment
Co [fm~1/2]  2.695 2.91(9) [39]  2.93(15) [38]
Co [fm~1/2] —0.074 —0.077(18) [39]
C2/Co —0.027  —0.025(6)(10) [39]  0.0003(9) [41]

[38] L. D. Blokhintsev, V. I. Kukulin, A. A. Sakharuk,
D. A. Savin, and E. V. Kuznetsova, Phys. Rev. C 48,
2390 (1993).

[39] E. A. George and L. D. Knutson, Phys. Rev. C 59, 598
(1999).

[41] K. D. Veal, C. R. Brune, W. H. Geist, H. J. Karwowski,
E. J. Ludwig, A. J. Mendez, E. E. Bartosz, P. D. Cathers,
T. L. Drummer, K. W. Kemper, A. M. Eir6, F. D. Santos,
B. Kozlowska, H. J. Maier, and I. J. Thompson, Phys.
Rev. Lett. 81, 1187 (1998).

G. Hupin, S. Quaglioni, and P. Navratil, arXiv:1412.4101 [nucl-th]
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p+19C scattering: structure of "N resonances

 Limited information about the
structure of Proton rich "N — mirror o
nucleus of 'Be halo nucleus >
4.42 (5/2°
 Incomplete knowledge of '°C
unbound excited states i
3.63_ __ __________ (52
 Importance of 3N force effects and . .
continuum 2174
. B+2p 17.030_ 7.10 10770 W R P K
2.20 5/2 6585410%2 ;g; : 30 Z/i 9Be+2n
5.2555.40 5/2°
6.580 @) e D955 aRR0 S0
2,654 32
599 538 1.783 5/27]
%legg 0.73 1/2° 032004 112] 05016
< - —— Be+tn
3.8209 _4.0060 679 7T=12%T=32
"Bet2 33536 : "B+p fp
e : =125 T=31 l1Be
i llN
é -1.4893
051 Tocyp
szCZI 100 %
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1°C(p,p) @ IRIS with solid H, target

« New experiment at ISAC TRIUMF with reaccelerated °C
— The first ever '°C beam at TRIUMF
— Angular distributions measured at £, ~ 4.1 MeV and 4.4 MeV
— Data analysis under Way Talk by Ritu Kanungo on Friday

@ ' PRELIMINARY

decm~

l ; i i l i £ IOC(pp)IOCgs

g?ggg

\
%a.

“i {
a7 45.0 s2.5
Blab (deg) °

A. Kumar, R. Kanungo, A. Sanetullaev et al. 43
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p+19C scattering: structure of "N resonances

« NCSMC calculations including chiral 3N (N3LO NN+N2LO 3NF400)

— p-19C + "N -
« 10C: 0%, 2*, 2* NCSM eigenstates ' t®
« "IN: 6 m=-1and 3 m=+1NCSM eigenstates

5.08 (3/2°

chiral NN+3N 442 (512

180F

P63 (52

150

120

90

3 [deg]

60

30

-30

-60 FYRN NN AT R NN SR SN TR N S S TR S "

-1.4893
10C+p

J. Langhammer, P. N., G. Hupin, S. Quaglioni, A. Calci, R. Roth et al, in preparation 44
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p+19C scattering: structure of "N resonances

« NCSMC calculations including chiral 3N (N3LO NN+N2LO 3NF400)

_ p_1OC + 11N ’-I.“_r,

« 10C: 0%, 2%, 2* NCSM eigenstates
« "IN: 6 m=-1and 3 m=+1NCSM eigenstates

chiral NN

180

chiral NN+3N

5.08

4.42

0.73

180F ]

150 150 ez 6

120 120

286 32"

— 90 I %0 25174
%‘) Q " 9B+2p
= 60 = 60 220 5/2
© ©

30 30 hSsT

301 . -30 .
B R B T S A 10 R B S B S S 10 T
E,;, [MeV] E, [MeV] roe
llN
H . . -1.4803
With the 3N the ?P,,, and 2P,, resonances broader and shifted to higher
energy in a better agreement with experiment 45
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p+19C scattering: structure of "N resonances

"IN from chiral NN+3N within NCSMC "IN Expt. (TUNL evaluation)

— Preliminary
JUT T E... [MeV] E, [MeV] T [keV] Fres MeV £keV) | B, MeV £keV) | J7; T | T (keV)
1.49 + 60 0 1731 830430
1/2+ 3/2 1.35 0 “4100” 2.22 + 30 0.73 £ 70 5 | 600100
v 1/2- 3/2 1.94 0.59 580 3.06 + 80 (1.57 4 80) < 100
v 3/20 312  4.69 3.34 280 3.69 + 30 2.20 + 70 5T 540£40
52 3/2  4.75 3.40 1790 4.35 £ 30 2.86 £ 70 37| 340 +40
3/2* 3/2 4.95 3.60 “4760” 5.12 £+ 80 (3.63 = 100) Cl) < 220
5/2- 3/2 5.95 4.60 470 5.91 £ 30 4.42+70 G)
3/2- 3/2 7 68 6.33 620 6.57 = 100 5.08 + 120 (37) | 10060
150_ | I' = 2
120 85(Ekzn)/aEk;zn Ewin=ERr
= Negative parity 1/2- and 3/2- resonances in a
32 good agreement with the current evaluation
r L i Positive parity resonances too broad
605 1 2 3 4Ek» 5\4 eV]6 7 8 9 10 _ Nmax Convergence
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p+19C scattering: structure of "N resonances

"IN from chiral NN+3N within NCSMC "IN Expt. (TUNL evaluation)

— Preliminary
JUT T E... [MeV] E, [MeV] T [keV] E.es MeV £ keV) | E, MeV £keV) | J T | T (keV)
1.49 + 60 0 1731 830430
1/2+ 3/2 1.35 0 “4100” 2.22 + 30 0.73 £ 70 5 | 600100
v 122 312 1.94 0.59 580 <> 3.06 £ 80 (1.57 £ 80) < 100
v 3/20 312  4.69 3.34 280 3.69 + 30 2.20 + 70 5T 540£40
52 3/2  4.75 3.40 1790 4.35 £ 30 2.86 £ 70 37| 340 +40
3/2* 3/2 4.95 3.60 “4760" = 5.12£80 (3.63+£100) | (3) < 220
5/2- 3/2 5.95 4.60 470 > 5.914+30 442+70 )
3/2- 3/2 7.68 6.33 620 6.57 £ 100 5.08 =120 (%_) 100 £ 60
5.5769 ) 20306 70571070~ O e
No candidate for 3.06 MeV resonance ®Be+3Li |5.08 — 5.840-5.980-6.050- 0207 7y
4.42 (5/2 5255.5.40 5/27
. : 363 _ _ _ _ _ _ _ 32
We predict only one 5/2° resonance below the 3/2, ﬁﬂﬁp ;ZZ 43/29 . 3955 348037 sz
23316 |59 5/t 9§i34 . (3/27, 312"
Calculations suggest that either 5.12 MeV or 5.91  °Bet3p 157 P 2.654 Y — -
MeV resonance might be 3/2* instead _ 0.73 1/2° 1783 S
T~ |[11.4385] 5" =12 T=3/2 0.5016 0.32004 o
NCSMC resonance predictions more in line with 1N OBetn 2882 RS T =t

-1.4893

assignments in '"Be 16C1p lIge

-+
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Three-body clusters in ab initio NCSM/RGM

o Starts from:

(4) A 7 %,5) A xdy
Wiy =Y [8,)A, |, dF+ > [[G, (3.5) A, |®,  )dxdy
v, H_J V3 %_J
2-bod - V) W
-body 40 g7 : 3-bod
Y., ol
channels W-?Aw) plus Mfc—@ﬂ) channels
< g 5(5}—7:4 a73,az3). (@)
Vg,
* Two-neutron halo nuclei @n @n
‘He @n oLi  @n

* Transfer reactions with three-body continuum final states

&
-9 -8
3H 3H

n
‘He @n
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Three-body clusters in ab initio NCSM/RGM

g/ T Z/da:a: /dyy2G‘]7r z,y)A ,,|<I>Z;g

Schrédinger equation ﬂ (H—E)|T7" 1) =0

Z/dwdywzyz Hy(x,y, 2 y") = ENy (g, 2,y G2 T (z,y) = 0

Hamiltonian Kernel Norm kernel

<(I)J 9 ‘A HAV‘(I)I/a:y> <q)J 9 ‘A2|q)

v'x'y’ vix'y’

vy >
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Three-body clusters in ab initio NCSM/RGM

Hyperspherical coordinates:

p=+vVr*+y? «=arctan(x/y)

After changing to hyperspherical coordinates and integrating in a,a'":

d(p—p -
> [ dor [H“ oo = B, 50| G () = 0

Coupled-channel microscopic R-matrix method on a Lagrange mesh*

*M. Hesse, J.-M. Sparenberg 1, E Van Raemdonck, D. Baye. Nuclear Physics A 640 (1998) 37-51
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Three-body clusters in ab initio NCSM/RGM

Internal region: expansion on a basis (p < a)

Crv(p) = Zﬁkmfi(ﬂ)

Internal region External region

a
0 (/] p’

External region: known asymptotic behaviour (p > a)
* Bound state: Cru(p) = Ak /EkpKir2(kp)

* Continuum state: C]w(p) — A, [Hk_ (/ﬁ:p)&jaylcskak/ — Syk,,/k/H]j(KJp)]
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NCSM/RGM for three-body clusters: Structure of °He

week endin

PRL 113, 032503 (2014) PHYSICAL REVIEW LETTERS 18 ULY 2014

4 H e + n + n 4He + n + n Continuum within an Ab initio Framework FA—a23,a23

Carolina Romero-Redondo,"* Sofia Quaglioni,z"“ Petr Navre’ml,"f and Guillaume Hupinz'*
'TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
“Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA

: (A —as3)
®He bound 0* ground state ~ ®He resonances and continuum

240 : ; . .
Comparison to recent experiment
180 ¢ 6 -
= ] - SRG-N'LONN A=1.5fm"
3 120} : SE . 6 E
“ ) S He 00 ]
o ] 3 3 "It E
1 £ °F — 252 A4 ]
] E g rz'? 174'22+ T 2 ]
120F SRG-N’LO NN 1 2 2, 180 ' 3
-1 ] S [ 72 =164 1.24 + ]
A=15fm =1 E f L rlew 2 ]
- ' o] M iR, 0824 e =016 21 3
- 90 - ] - 2 oo .
) 1 E 3
S 6ok ] O T T Gy o ./ E
w . b 0973 LT gs. He+n+n 3
] 1E 0 gs. E
30¢ 1 : ]
/ e 2t .

4 o Expt. (SPIRAL) NCSM/RGM
Son(fm) T 2 3 4 s 6
0 By, MeV)

NCSMC implementation in progress... SH=4He + n + nin progress
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Conclusions and Outlook

* Ab initio calculations of nuclear structure and reactions is a dynamic field
with significant advances

 We developed a new unified approach to nuclear bound and unbound states
— Merging of the NCSM and the NCSM/RGM = NCSMC
— Inclusion of three-nucleon interactions in reaction calculations for A>5 systems
— Extension to three-body clusters (*He ~ “He+n+n): NCSMC in progress

* Ongoing projects:
— Transfer reactions: Talk by Francesco Raimondi on Tuesday

— Applications to capture reactions important for astrophysics: Talk by Jeremy
Dohet-Eraly on Friday

— Bremsstrahlung: Talk by Jeremy Dohet-Eraly on Friday

e Qutlook

— Alpha-clustering (*He projectile)
« 12C and Hoyle state: 8Be+*He
- 160: 12C+4He
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